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Abstract: Middle-Upper Jurassic pelagic carbonates and radiolarites were studied in the Kriżna Nappe of the 
Tatra Mountains (Central Western Carpathians, southern Poland and northern Slovakia). A carbon isotope stra­
tigraphy of these deposits was combined with biostratigraphy, based on radiolarians, calcareous dinoflagellates 
and calpionellids. In the High Tatra and Belianske Tatra Mountains, the Bajocian and part of the Bathonian are 
represented by a thick succession of spotted limestones and grey nodular limestones, while in the Western Tatra 
Mountains by relatively thin Bositra-crinoidal limestones. These deposits are referable to a deeper basin and a pe­
lagic carbonate platform, respectively. The various carbonate facies are followed by deep-water biosiliceous 
facies, namely radiolarites and radiolarian-bearing limestones of Late Bathonian-early Late Kimmeridgian age.
These facies pass into Upper Kimmeridgian-Lower Tithonian pelagic carbonates with abundant Saccocoma sp.
The bulk-carbonate isotope composition of the carbonate-siliceous deposits shows positive and negative S C 
excursions and shifts in the Early Bajocian, Late Bajocian, Early Bathonian, Late Bathonian, Late Callovian,
Middle Oxfordian and Late Kimmeridgian. Additionally, the S13C curves studied show a pronounced increasing 
trend in the Callovian and a steadily decreasing trend in the Oxfordian-Early Tithonian. These correlate with the 
trends known from the Tethyan region. The onset of Late Bathonian radiolarite sedlmenlalion is marked by a 
decreasing trend in S13C. Increased S13C values in the Late Callovian, Middle Oxfordian and Late Kimmeridgian 
(Moluccana Zone) correspond with enhanced radiolarian production. A significant increase in CaCO3 content is 
recorded just above the Late Callovian S13C excursion, which coincides with a transition from green to variegated 
radiolarites.
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INTRODUCTION
Radiolarites are one o f  the m ost typlcal facies o f  the 
M iddle-U pper Jurassic successions in  the W estern Tethyan 
region. In the A lpine Tethys, the onset o f  biosiliceous sedi­
m entation in  varlous baslns was diachronous and spanned 
from the earliest Bajocian to the Late Oxfordian (e.g., Bill et 
al., 2001; Baumgartner, 2013). This kind o f  sedimentation 
continued until the Early Tithonian. M iddle and U pper Ju­
rassic radiolarites and associated deep-water carbonates 
were related to the breakup o f  Pangea and the opening o f  the 
Atlantic Ocean and the A lpine Tethys. Usually, the appear­
ance o f  radiolarites was associated w ith sedim entation in 
basins w ith thinned continental crust, or in basins w ith oce­
anic crust (e.g., Bernoulli and Jenkyns, 1974; Bill et al., 
2001; Baumgartner, 2013 and references therein).
Previous studies from  the W estern T ethyan region have 
proved the value o f  carbon isotope ratios in the stratigraphic 
and palaeoenvironm ental analysis o f  carbonate successions 
(e.g., Bartolini et al., 1996; Jenkyns, 1996; Jenkyns et al., 
2002; Padden et al., 2002; W eissert and Erba, 2004; Louis- 
Schmid et al., 2007). Generally, pronounced positive S13C 
excursions in marine carbonates w ere caused by higher p ro­
duction o f  organic m atter and its burial (e.g., Jarvis et al., 
2002; Colombie et al., 2011). In contrast, maj or negative 
excursions are explained by  the rew orking and oxidation o f 
organic matter. These isotope events usually coincided w ith 
long-term  sea-level changes. In m ost cases, negative S13C 
events w ere associated w ith sea-level fall, positive ones 
w ith sea-level rise, w hereas long-term  declines in S13C
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Fig. 1. Geological sketch map of the Tatra Mountains (after Bac-Moszaszwili et al. 1979; Nemcok et al., 1994, simplified) showing lo­
cation of the sections studied, (1) Długa Valley, (2) Lejowa Valley, (3) Zadnia Kopka Kościeliska, (4) Upłaziańska Kopa, (5) Filipka Val­
ley and (6) Zdiarska Vidla (Płaczliwa Skała in Pollsh); sections studled by Polak et al. (1998), (HC) Banie Huciska, (GU) Gładkie 
Upłaziańskie (=Upłaziańska Kopa) and (ZV) Zdiarska Vidla.
trends after transgression are linked to increased carbonate 
precipitation and accum ulation (e.g., Jarvis et al., 2002). It 
is notew orthy that h igh biosiliceous productivity associated 
w ith a crisis in carbonate production appears to be corre­
lated w ith positive S13C events (e.g., Bartolini et al., 1996; 
Racki and Cordey, 2000; M orettini et al., 2002; O ’Dogherty 
et al., 2006).
Tethyan successions containm g radiolarites have been 
studied widely, in term s o f  depositional processes, bio- and 
chem ostratigraphy as w ell as their significance to the record 
o f  climate changes (Baum gartner, 2013 and references the­
rein). Correlation o f  regional biostratigraphic schemes often 
rem ains am biguous, because o f  the m osaic facies pattern 
characteristic for the M iddle Jurassic and diverse b iostrati­
graphic tools (e.g., ammonites, calcareous nannofossils and 
radiolarians), w hich are applied in  various deposits. In such 
cases, stable isotope stratigraphy appears to be a useful m e­
thod for correlation, both at the regional and global scales. It 
is a uselul tool for chemo stratigraphy, since the M iddle- 
Late Jurassic S13C curve is characterized by w ell-recogni­
zed isotopic events, w hich are cahbrated against b iostrati­
graphic data (e.g., Bartolini et al., 1999; O ’D ogherty et al., 
2006; Louis-Schm id et al., 2007).
This study focuses on a peculiar sedlm enlary succes­
sion o f  M iddle-Late Jur ass ic age, exposed in the Tatra 
M ountains (Central W estern Carpathians). This succession, 
belonging to the K riżna Nappe, is characterized by a typical 
Tethyan basinal developm ent w ith dom m ance o f  carbo- 
nate-biosiliceous sedim entation (Lefeld, 1974; Lefeld eta l., 
1985). The sections studied are described on the basis o f  li- 
thology, biostratigraphic data (radiolarians, calcareous d i­
noflagellates and calpionellids) and the carbon isotope re­
cord, w hich is com pared m ainly to the reference S13C 
curves from  the Tethyan and peri-Tethyan regions.
The objectives o f  this paper are: (1) to docum ent the fa­
cies succession o f  the radiolarian-bearing deposlts o f  the 
K riżna N appe in  the Tatra M ountains, (2) to propose a bio- 
stratigraphic fram ework for the radiolarian and calcareous 
dinoflagellate zone levels, (3) to generate S13C isotope 
curves calibrated against biostratigraphic data, (4) to corre­
late S13C curves from  the sections studied and (5) to com ­
pare them  w ith the reference curves.
GEOLOGICAL SETTING
The M iddle-Upper Jurassic deposits o f  the Kriżna Nappe 
exammed crop out in the Tatra Mounlains (C en tal W estern 
Carpathians) in Poland and Slovakia (Fig. 1; Bac-M oszasz­
wili et al., 1979; N em cok et al., 1994). The Kriżna Nappe 
represents one o f  the sedimentary nappes overlying the crys­
talline core o f  the Tatra Mounlains (Lefeld et al., 1985). It 
comprises Lower Triassic to Lower Cretaceous deposits and 
is made up o f  several thrust slices.
The Kriżna N appe belongs to the Fatricum  Dom ain in 
the Central Carpathian block (Plasienka, 2012). During 
m ost o f  Jurassic tim e, it w as one o f  the dom ains lym g be­
tw een the A lpine Tethys to the north and the M eliata O cean 
to the south (Fig. 2; Csontos and Vörös, 2004; Schmid et al. ,
2008). As a con l equence o f  its lo la tion , the succeslion 
studled shows a strong sim üarity to the Jurassic o f  other 
Tethyan basins.
During the Jurassic, the Fatricum  Dom ain was bordered 
by the uplifted Tatricum  Dom ain to the north and the Ve- 
poricum  Dom ain to the south. The Fatricum  Dom ain was 
regarded as being an extensional basin during the Jurassic, 
lo la ted  on thinned and stretched continenlal crust (e.g., 
Plasienka, 2012). As a result, the Jurassic successions o f  the
STRATIGRAPHY OF THE MIDDLE-UPPER JURASSIC OF THE KRIZNA NAPPE 3
Fatricum  D om ain are characterized by  an alm ost continuous 
record o f  the prograding Tethyan transgression, displaying 
a tranlition  from  littoral through hem ipelagic to pelagic 
deep-sea sedimentation.
The Jurassic deposits o f  the K riżna Nappe in  the Tatra 
M ountains represent deep-water successions o f  the Zlie- 
chov type (Mahel’ and Buday, 1968; M ichalik, 2007). The 
Early Jurassic phase o f  extension gave rise to w ide basinal 
areas and narrow  horsts (Plasienka, 2012). A  second phase 
o f  extension took place during the latest Early Jurassic and 
resulted in  the extensional tilting o f  blocks, forming a horst- 
and-graben topography (Wieczorek, 1990; Gradziński et al., 
2004; Jach, 2005; Plasienka, 2012). The formation o f  horsts 
(Bobrowiec U nit and the Gładkie Upłaziańskie Thrust Slice 
in the W estern Tatra M ounlains) and grabens (the Suchy 
W ierch-H avran U nit in the H igh Tatra and Belianske Tatra 
M ountains) led to distinct fad es changes (Guzik, 1959; 
Jach, 2007). The sub lidm g basrns conltantly  were filled 
w ith Fleckenm ergel-type sedlm ents (bioturbated “ spotted” 
lim estones and marls, rangrng from  the Sinemurian to the 
Bajocian). The horsts during the Late P liensbachian-?A a- 
lenian acted as submarine highs w ith spiculite (Jach, 2002) 
and neritic crinoidal sedim enlation (e.g., crinoidal tempes- 
tites; Jach, 2005), replaced by condensed pelagic carbonates 
that w ere depostted on pelagic carbonate platform s (sensu 
Santantonio, 1993). D uring the M iddle Jurassic, significant 
topographic re lief was still present and contiolled facies 
changes. The deposition o f  carbonate sediments term inated 
w ith the onset o f  uniform  radiolarite sedim entation during 
the late M iddle Jurassic. The com plete recovery o f  carbon­
ate sedim entation took place during the latest Jurassic.
A  formal lithostratigraphy o f  the M iddle-U pper Jurassic 
deposits in the Tatra M ountains was proposed by Lefeld e t al. 
(1985). In the interval studied, the following units were dis­
tinguished: the Sołtysia Marlstone Formation, comprising the 
Łom y Lim eltone M ember (spotted lim eltones w ith marls) 
and the Broniarski Limestone M ember (cherty limestones); 
the N iedzica Limestone Formation (grey nodular limetones); 
the Sokolica Radiolarite Formation (spotted and green radio- 
larites); the Czajakowa Radiolarite Formation (variegated 
and red radiolarites); the Czorsztyn Limestone Formation 
(red nodular limestones); and the Pieniny Limestone Form a­
tion (platy limestones). The last m entioned limestones were 
assigned to a new  formal unit, the Jasenina Formation (M i­
chalik et al., 1990; Grabowski and Pszczółkowski, 2006).
Polak et al. (1998) redefined the previously recognized 
Sokolica Radiolarite Form ation and Czajakow a Radiolarite 
Form ation and proposed the Zdiar Form ation as a new  unit, 
com prism g the entire radiolarite succession. In this study, 
the form al lithostratigrahy by  Lefeld et al. (1985) is used, 
w ith the exception o f  the Jasenina Formation.
PRE VI OUS RE SEARCH
A  few  attempts have been m ade to determ ine the age o f  
the radiolarites o f  the K riżna N appe in  the Tatra M ountains. 
Rabowski and Goetel (1925) estim ated their age as Middle 
Jurassic, w hereas Sujkowski (1932) suggested M iddle-Late 
Jurassic, on the basis o f  their position in  the succession.
Fig. 2. Palaeogeographic posit ion of the Fatricum Domain in 
the Oxfordian. After Schmid et al. (2008), simplified.
The first biostratigraphic data have come from  the 
aptychi, collected in the Grześ section in the W estern Tatra 
M ountains (Gąsiorowski, 1959, 1962). They give the age o f 
the red radiolarites and red  nodular lim estones as Late O x­
fordian-Early  Tithonian; hence the underiym g radiolarites 
w ere regarded as M iddle Jurassic-O xfordian. D elailed de­
scriptions o f  the M iddle-U pper Jurassic successions o f  the 
Kriżna Nappe, com prism g radiolarites, w ere presented by 
Lefeld (1969, 1974, 1981). The ammonite stratigl aphy o f 
the Early and M iddle Jurassic w as provided by  M yczyński 
and Lefeld (2003), M yczyński (2004), M yczyński and Jach 
(2009) and later elaborated by Iwańczuk e t al. (2013).
The age o f  the Tatra radiolarites was estim ated on the 
basis o f  radiolarians to be Late B athonian-E arly  Kimmerid- 
gian (Polak et al., 1998) or M iddle Bathonian for the low er­
m ost part o f  the Sokolica Radiolarite Form ation (Bąk,
2001). M ore precise dating refers to the Late Kim m eridgian 
and Early Tithonian, where calcareous dinoflagellates per­
m it the recognition o f  discrete zones, starting from  the Late 
Kim m eridgian calcareous dinoflagellate M oluccana Zone 
in the upper part o f  red radiolarites (Jach et al., 2012). 
H igher stratigraphic resolution w as achieved in  the upper­
m ost Low er Tithonian Jasenina Formation, w here chitinoi- 
dellids and calpionellids (Lefeld, 1974; Pszczółkowski, 
1996), com bined w ith m agnetostratigraphy (Grabow ski and 
Pszczółkowski, 2006), perm itted the establishm ent o f  a p re­
cise stratigraphic scheme (Grabowski et al., 2013).
METHODS
The sections (Table 1; Figs 3 -8 ) w ere analysed at high 
resolution, including m icrofacies analysis, carbonate con­
tent, biostratigraphy, and analysis o f  carbon and oxygen iso­
topes. M icrofacies as w ell as the cysts o f  calcareous dinofla- 
gellates w ere studi ed in 240 thin sections under Carl Zeiss 
Axioskop and LEICA DM  2500P optical microscopes. D un­
ham ’s (1962) classification o f  microfacies was applied to the 
carbonate and siliceous sediments. The calcareous dinofla- 
gellate zonations, proposed by  Borza (1984) and Borza and 
M ichalik (1986), later revised by  Rehakova (2000), and the
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Table 1
Location o f  the sections studied
Section name Code Location Coordinates at base of section Tectonic unit











Zadnia Kopka Kościeliska Pk N49°15.570'; E19°51.848'





High Tatra Mts, Poland N49°15.952'; E20°4.325’ N49°16.137'; E20°4.348’ Suchy Wierch-Havran Unit
Zdiarska Vidla P Belianske Tatra Mts, Slovakia N49°14.588'; E20°12.636'
calpionellid biostratigraphic scheme, proposed by Rehakova 
(2002), were adopted. The rock samples and the thin sections 
are stored at the Institute o f  Geological Sciences, Jagiellonian 
University in Kraków.
For the radiolarian analyses, 61 samples w ere collected 
from  different lithologies, but only 16 samples w ith poor to 
m oderately preserved radiolarians were selected for de­
tailed biostratigraphic studies (locations in  Figs 3-8). The 
radiolarian-bearing samples w ere etched w ith hydrochloric 
and hydrofluoric acid, utilizing standard m ethods (Pessagno 
and N ew port, 1972). The observations under the SEM for 
the precise identification and illustration o f  the radiolarians 
were perform ed at the U niversity o f  Belgrade, in  the SEM- 
EDS Laboratory o f  Faculty o f  M ining and Geology, using a 
JEOL JSM -6610LV  microscope. In this paper, the radiola­
rian zonation based on the U nitary A ssociation Zones 
(UAZs), proposed by  Baum gartner et al. (1995), w as adop­
ted. The nam es o f  genera w ere corrected w ith reference to 
the new  revision by  O ’D ogherty et al. (2009).
The stable isotope com positions o f  carbon and oxygen 
were studied in 367 bulk sedim ent samples. Sections were 
sam pled at approxim ately 0.5-1 m  intervals, exceptionally 
at more than 2 m. Both lim estones and radiolarites contain­
ing a carbonate fraction w ere analysed. Only homogenous 
micritic samples were sel ected. In each case, the sample 
w eight was adjusted according to the CaCO 3 content. Car­
bon and oxygen stable isotope com positions (S13C and 
S18O) w ere analysed in the W arsaw  Isotope Laboratory for 
Dating and Environm ent Studies at the Institute o f  G eologi­
cal Sciences, Polish A cadem y o f  Sciences. To produce the 
rockpow der samples, a diam ond-tipped drill w as used. The 
pow der w as reacted w ith 100% phosphoric acid (density 
1.94 g/cm3) at 70°C, using the Kiel IV online carbonate p re­
paration device, connected to the Therm o-Finnigan Delta+ 
m ass spectrometer. The quality o f  analysis w as controlled 
by  m easurem ents o f  the international standard N BS-19 with 
any sample series (3 -5  N BS-19 m easurem ents per samples 
series). A ll values are reported in  per m il relative to V-PDB. 
R eproducibility was checked on the basis o f  long-term  re ­
peatability o f  N BS19 analysis and occurred better than 0.07 
and 0.12%o, for S13C and o 8O, respectively.
The calcium  carbonate content o f  376 rock samples was 
estim ated by m eans o f  a calcim etre by  Eijkelkam p, w hich 
works in accordance w ith the m ethod o f  Scheibler. The ana­
lysis o f  CaCO3 content was conducted at the Institute o f  Geo­
logical Sciences o f  the Jagiellonian University in Kraków.
FACIES
O n the basis o f  lithology, rock colour, fabric and car­
bonate content, nine facies w ere distinguished w ithin the 
sections studted. They are as foltows: (1) spotted lim esto­
nes, (2) grey nodular limestones, (3) B ositra-crinoidal lim e­
stones, (4) spotted radiolarites, (5) green radiolarites, (6) 
variegated radiolarites, (7) red radiolarites, (8) red nodular 
limestones, and (9) p laty limestones. In this paper, the term 
Bositra  denotes thin-shelled bivalves (filaments), most 
probably belonging to the genus Bositra.
Spotted lim estones
The spotted lim estones (facies equivalent o f  the A llgäu 
Form ation or “Fleckenm ergel” in the Eastern A lps) make 
up the topm ost part o f  the Sołtysia M arlstone Form ation 
(Lefeld et al., 1985). It is divided into two m em bers -  the 
low er Łom y Lim estone M ember, com posed o f  spotted lim e­
stones and marls, and the upper Broniarski Limestone 
M ember, w ith cherty limestones. These deposits are know n 
from  the H igh Tatra (Tatry W ysokie in Polish) and Belian- 
ske Tatra (Tatry Bielskie in Polish) Mountains.
The spotted lim estones and m arls (the m easured thick­
ness is 60 m) are represented by  grey, bedded lim estone­
m arl succession (Zdiarska V idla section; Fig. 8). The lim e­
stones form  3 -60  cm  thick beds, w hereas the marls are ap­
proxim ately 10 cm, m axim ally 90 cm thick. A bundant trace 
fossils are preserved as dark spots, visible against a totally 
bioturbated light grey background. The lim estone beds 
display symmetrical silicification o f  their lower and upper 
parts. Seven beds o f  grey crinoidal turbidites, 8-46  cm thick, 
occur in the Zdiarska V idla section, in the lower-and upper­
m ost parts o f  the facies (at the 1 m, 5.3 m, 6.5 m, 48 m,
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Fig. 3. Długa Valley section in the Western Tatra Mountains. Lithology, biostratigraphy (including position of the radiolarian and cal­
careous dinoflagellate samples) and results for carbon and oxygen isotope measurements, CaCO3 content and microfacies analysis. Age 
denotes calibration of radiolarian (UAZ 95) or calcareous dinoflagellata zones. Legend for lithologies in Figs 3-8.
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48.3 m, 50 m, 57 m; Fig. 8; see also Misik, 1959). The 
CaCO 3 content fluctuates from 6 to 91 wt%; the average 
value is about 54 wt% (Fig. 8).
In the spotted limestones and marls, six microfacies types 
were distinguished (Fig. 8): spiculite-Bositra packstone, 
spiculite wackestone, Bositra  packstone, crinoid wackestone 
and grainstone, and crinoid-spiculite wackestone. Beside 
coarse-grained crinoidal material, quartz and other lithic grains 
are common. Ammonites occur rarely in the spotted lime­
stones and marls.
The upper part o f  the spotted lim estones is represented
by cherty limestones, about 23 m  thick (Figs 7, 8). The tran­
sition to the overtym g grey nodutar lim estones (Niedzica 
Lim estone Formation) is gradual. D ark brownish-grey 
cherty lim estones are thin- to m edium -bedded, rarely inter­
calated w ith marls. Trace fossils becom e less com m on u p ­
w ards in the section. In the topm ost part, elongated, dark 
grey chert nodules are abundant. In the F ilipka Valley, the 
upperm ost part o f  the cherty lim estones consists o f  cherty 
radiolarian lim estones (Fig. 7). Generally, the CaCO 3 con­
tent is relatively low, ranging from  30 to 68 w t%  (Figs 7, 8).
The following microfacies were distinguished in  the
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Fig. 4. Lejowa Valtey sections in the Western Tatra Mountains. A. L, Lb and Ld composke section. B. Lc section. Lithology, 
biostratigraphy (including position of the radiolarian and calcareous dinoflagellate and calpionellid samples) and results for carbon and 
oxygen isotope measurements, CaCO3 content and microfacies analysis. Age denotes calftration of radiolarian (UAZ 95), calcareous 
dinoflagellata or calpionellid zones. Legend for lithologies as in Fig. 3.
cherty limestones: spiculite, radiolarian, crinoid, crinoid-Bo- 
sitra and crinoid-spiculite wackestone (Figs 7, 8). Very ra­
rely, the cherty limestones contain ammonites and aptychi.
Grey nodular lim estones
G rey nodular limestones, 22-25  m  thick, w ere formally
distinguished as the N iedzica Lim estone Form ation by Le- 
feld et al. (1985). They are present only in  the successions 
o f  the H igh Tatra and Belianske Tatra M ountains. The tran­
sition betw een the grey nodular lim estones and the overly­
ing spotted radiolarites is m arked by  an abrupt decrease in 
CaCO 3 cont ent and a sharp increase in  the abundance o f  
trace fossils (Figs 7, 8).
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The light grey nodul ar limes tones 
are m edium- to thick- bedded and lo - 
cally indistinctly bedded. They are pale 
pink only in the upperm ost part o f  the 
Filipka V al ley section. Carbon ate nod­
ules occur in  various sizes and are sepa­
rated by thin bands o f  dissolution seams, 
rich in  clays, m uscovite and silty quartz. 
Irregular chert nodules form  distinct ho ­
rizons. A  m assive graded breccia bed, 
70 cm  thick, is found w ithin the grey 
nodular lim estones o f  the Filipka V alley 
section (42 m; Fig. 7). It is com posed o f  
crinoid material, w ith angular clasts (up 
to 2 cm) o f  spiculites, crinoidal lim e­
stones and other sedim entary rocks. The 
average CaCO 3 con ten tis about 57 wt%, 
w ith a range o f  33 to 82 wt%  (Figs 7, 8).
Thin sections o f  grey noduiar lime s 
stones show the following microfacies 
(Figs 7, 8): crinoid wackestone, Bositra- 
spiculite, Bositra  and Bositra-crinoid 
wackestone to packstone, and Bositra- 
radiolarian wackestone. Belemnite rostra 
and poorly preserved moulds o f  ammo­
nites are found rarely.
Bositra-crinoidal limestones
Lim estones w ith Bositra  and crinoids (up to 15.5 m 
thick) do not have any formal lithostratigraphic status. This 
facies occurs only in  the W estern Tatra M ountains (Tatry 
Zachodnie in Polish). The base o f  the Bositra -crinoidal 
lim estones is m arked by  an om ission surface (Gradziński et 
al., 2004; Jach, 2007) at the top o f  the Toarcian-?A alenian 
red nodul ar lim estones (Kliny Lim estones M ember). The 
transition to the overlying spotted radiolarites is m arked by 
a decrease in  CaCO 3 content (Figs 3, 4).
The low erm ost part o f  the Bositra -crinoidal lim estones 
is com posed o f  pinkish to grey crinoidal turbidites, w ith 
beds up to 20 cm  thick, intercalated w ith glauconitic marls 
(Jach, 2007). The total thickness o f  this part is 1.7 m  in the 
D ługa V aliey section and 0.3 m  in the Lejow a V aliey sec­
tion (Figs 3, 4). The glauconitic marls exhibit some o f  the 
characteristics o f  condensed deposits. Tow ards the top o f 
the B ositra-crinoidal limestones, crinoidal intercalations b e­
come less com m on and disarticulated Bositra  shells begin to 
predom inate, leading to form ation o f  the Bositra  limestones 
(3 .3-14  m  thick; Figs 3, 4). They are grey, greenish-grey, 
w ell bedded, locally w ith elongated dark grey chert nodules. 
The av er age CaCO 3 cont ent o f  the Bositra -crinoidal lim e­
stones is about 68 wt% , ranging from  36 up to 93 wt%  (Figs 
3, 4).
In thin sections, the B ositra-crinoidal lim estones show 
a succession o f  the foliowing m icrofacies (Figs 3, 4): cri­
noid packstone-grainstone, Bositra  packstone-grainstone, 
Bositra -crinoid packstone, and Bositra -radiolarian wacke- 
stone.
Fig. 5. Zadnia Kopka Kościeliska section in the Western Tatra Mountains. Lithology, 
bio stratigraphy (includsng position of the radiolarian and calcareous dinoflagellate sam­
ples) and CaCO3 content and microfacies analysis. Age denotes calibration of radiolarian 
(UAZ 95) or calcareous dinoflagellata zones. Legend for lithologies as in Fig. 3.
Spot ted radiolarites
The spott ed radiolarites (9-15  m  thick), also com pri­
sing radiolarian limestones, belong to the low er part o f  the 
Sokolica Radiolarite Form ation (Lefeld et al., 1985). They 
are present in all o f  the sections studied (Figs 3-5 , 7, 8), 
w ith the exception o f  the Zadnia K opka Kościeliska and 
Upłaziańska K opa sections. The contact w ith the overlying 
green radiolarites is sharp in  the D ługa V alley section, but is 
gradual in  the Filipka V aliey and Zdiarska V idla sections 
(Figs 3 -5 , 7, 8).
Radiolarites and radiolarian lim estones are grey and to ­
wards the top olive-grey, w ith com m on shale intercalations 
1-3 cm thick. They are distinctly bedded, w ith beds about 
10-15 cm  thick. A bundant trace fossils are observed as dark 
spots, visible against the lighter bioturbated background. 
E longated dark grey chert nodules are com m on in the m id­
dle parts o f  beds in  the Filipka Vall ey and Zdiarska V idla 
sections. A  subtle lamination is visible under the microscope 
in the uppermost part o f  this facies. The average CaCO 3 con­
tent is about 36 wt%, ranging from 12 up to 69 wt% (Figs 
3-5 , 7, 8).
Four m icrofacies were distinguished in  the spotted ra­
diolarites (Figs 3 -5 , 7, 8): radiolarian-Bositra wackestone, 
Bositra  wackestone, radiolarian w ackestone to packstone 
and mudstone. They also cont ain sponge spicules, crinoid 
ossicles, the tests o f  ostracods and fragm ents o f  the tests o f  
foraminifera. Locally, the m atrix contains silty clastic 
grains (m uscovite and quartz).
Green radiolarites
The green radiolarites (up to 12 m  thick) w ere assigned 
to the upper part o f  the Sokolica Radiolarite Formation 
(Figs 3 -8 ; Lefeld et al., 1985). They are present in all o f  the
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Fig. 6. Upłaziańska Kopa section in the Western Tatra Mountains. Lithology, biostratigraphy (including position of the radiolarian and 
calcareous dinoflagellate samples) and results for carbon and oxygen isotope measurements, CaCO3 content and microfacies analysis. 
Age denotes calibration of radiolarian (UAZ 95) or calcareous dinoflagellata zones. Legend for lithologies as in Fig. 3.
sections studied (Figs 3-8). A n abrupt transition from  the 
green radiolarites to the overlying variegated radiolarites is 
accom panied by an increase in  CaCO 3 content.
H ighly siliceous radiolarites are m ostly green, greenish 
grey and light olive grey. O nly in  the eastern part o f  the 
Tatra M ountains, they are dark grey and dark olive grey. 
Thin- to m edium -bedded, ribbon radiolarites alternate w ith 
siliceous shales, 0 .2 -2  cm thick. These chert-shale couplets 
are the m ost characteristic feature o f  the green radiolarites. 
Some beds display centim etre-thick partitioning, more or 
less parallel to the bedding. The average CaCO 3 content is 
about 25 wt% , ranging from  7 up to 48 wt%  (Figs 3, 4, 6-8).
In thin sections, the green and grey radiolarites are cha­
racterized by  radiolarian m udstone-wackestone m icrofa­
cies, w ith calci-ied and extensively dis solved radiolarian 
tests, very rare Bositra  and fragments o f  the tests o f  fora- 
m inifera (Figs 3-8). A t a m icroscopic scale, a subtle lam ina­
tion is relatively com m on and reflects changes in  radiola- 
rian cont ent. Cryptocrystaline sili ca occurs m ainly in the 
matrix.
V ar ie gated radiolarites
The variegated radiolarites, identified in all o f  the sec­
tions studied, correspond to the low er part o f  the Czajakowa 
Radiolarite Form ation (Figs 3 -8 ; Lefeld et al., 1985). The 
transition to the overlying red radiolarites is gradual. M ea­
sured thicknesses vary  from  5 to 17 m.
In the W estern Tatra M ount ains, the vari egated radio- 
larites are calcareous, and distinctly bedded, w ith bed th ick­
nesses o f  about 10-15 cm. They are characterized by a no ­
ticeably higher average content o f  CaCO 3 , the com m on oc­
currence o f  chert nodules and the very rare occurrence o f  
thin shale intercalations. They exhibit a variety o f  colours; 
in the low er part, they are light olive, dusky red, and pale
green to yellow ish grey, while towards the top, they are pale 
red, pale olive, olive grey, red  and red-green. Intensely red ­
dish or greyish m assive chert nodules are typical o f  this fa­
cies, especially in the U płaziańska K opa section. The ave­
rage CaCO 3 content is about 50 w t%  (Figs 3-8).
In the H igh Tatra and Belianske Tatra M ountains, var­
iegated radiolarites are pale reddish brown, w ith grey or 
light brow n spots o f  diffusive type and w ith dark grey chert 
nodules. Shale intercalations are absent. The CaCO 3 aver­
age content is about 44 wt% , ranging from  24 up to 67 wt% 
(Figs 3-8).
In thin sections, the variegated radiolarites show an u p ­
ward transition from  radiolarian m udstone to packstone 
(Figs 3-8). They contain radiolarians, sponge spicules, cri- 
noids, planktonic foram inifer Globuligerina  and cysts o f 
calcareous dinoflagellates. Radiolarians are calcified or par­
tially silicified.
Red radiolarites
The upperm ost part o f  the Czajakow a Radiolarite For­
m ation consists o f  red radiolarites, exposed in all o f  the sec­
tions studied (Figs 3-8 ; Lefeld et al., 1985). Their thickness 
ranges from 2 to 9 m. The red radiolarites are calcareous, m o­
derate red and greyish red in colour, and planar, thin- to m e­
dium-bedded, w ith bed thicknesses o f  between 5 and 30 cm. 
The red radiolarites are characterized by  the rare occurrence 
o f  thin shale intercalations. In the Zdiarska V idla section, the 
red radiolarites are cherty and irregularly bedded. Their aver­
age CaCO 3 content is about 48 wt%, ranging from 17 up to 
89 wt%  (Figs 3-8).
The red  radiolarites contain indistinctly lam inated ra- 
diolarian wackestone, locally passing into m udstone, radio- 
larian-Bositra-Saccocoma  wackestone, Saccocoma-Bositra  
wackestone, Bositra-Saccocom a  wackestone and radiola-
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Fig. 7. Filipka Valley section in the High Tatra Tatra Mountains. Lithology, biostratigraphy (including position of the radiolarian and 
calcareous dinoflagellate samples) and results for carbon and oxygen isotope measurements, CaCO3 content and microfacies analysis. 
Age denotes calibration of radiolarian (UAZ 95) or calcareous dinoflagellata zones. Legend for lithologies as in Fig. 3.
rian w ackestone-packstone (Figs 3-8). These deposits con­
tain calcified radiolarian tests, fragments o f  the shells o f  B o­
sitra, Saccocom a  sp. and tests o f  the plank-onic forami- 
nifer Globuligerina  and sponge spicules, crinoids, cysts o f 
calcareous dinoflagellates, ophiuroids and ostracods. The 
scarce m acrofauna is represented by aptychi and belemnite 
rostra. Siliciclastic adm ixtures are represented by  silt-sized 
grains o f  quartz and m uscovite flakes.
R ed nod u lar lim estones
The red noduiar limestones, 5 .5-11 m  thick, were as­
signed to the Czorsztyn Lim estone Form ation (Lefeld et al.,
1985). This facies occurs in all o f  the sections studied (Figs 
3-8). The red noduiar lim estones show diverse lithotypes 
(Figs 3-8): (i) thin- and m edium -bedded red limestones, al­
ternating w ith 1-2 cm -thick marls, locally w ith indistinct 
nodule development, and concentrations o f  aptychi (this 
lithotype bears a resem blance to the Rosso ad Aptici facies), 
(ii) m assive noduiar lim estones, w here light-coloured mi- 
critic nodules are surrounded by a distinct dark reddish to 
brow nish clay-rich m atrix w ith  com m on dissolution seams, 
and (iii) highly calcareous nodular limestones, locally o f 
brecciated type, w ith rounded or subangular nodules, sepa­
rated by stylolites or dissolution seams. The first two litho- 
types occur in  the W estern Tatra M ountains, the third one in 
the High Tatra and Belianske Tatra M ount ains. Generally, 
nodule development becomes less com mon westward, which 
corsesponds to a decrease in CaCO3 content and thickness 
(Lefeld, 1974). This change reflects a lateral interfingering o f  
the red nodul ar limestones westward (Czorsztyn Limestone 
Formation) w ith platy limestones (the Jasenina Formation),
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containing red nodular packages. A  greenish grey radiolarite 
bed w ith a thickness o f  40 cm  occurs in the nodular lim e­
stones in  the Lejowa V alley section (Lc39; Fig. 4A, B). The 
average CaCO 3 content o f  red  noduiar lim estones is about 
67 wt% , ranging from  45 up to 97 wt%  (Figs 3-8).
The nodular limestones contain Bositra-Saccocoma  and 
Saccocoma-Bositra , Saccocoma-spiculite wackestone to 
packstone, Saccocoma, Saccocoma-radiolarian, radiolarian, 
radiolarian-globuligerinid-Globochaete wackestone m icrofa­
cies (Figs 3-8). M oreover, the limestones contain fragments 
o f  foraminifera, calci-ied sponge spicules, aptychi, belem- 
nites, crinoids, cysts o f  the calcareous dinoflagellates and the 
microproblematicum Gemeridella minuta  Borza et Misik. 
Silt-sized muscovite flakes and quartz grains are common, 
mostly in the parts that are rich in stylolites.
Platy lim estones
Grey, platy limestones occur over the entire study area 
and represent the lower part o f  the Jasenina Formation (M i­
chalik et al., 1990). Light grey and olive-grey, partly silice­
ous, micritic limestones and marlstones predominate. Local­
ly, they are reddish, pinkish and slightly nodular. The lime­
stone beds are 2 -10  cm thick. The average CaCO3 content is 
58 wt% , ranging from 46 to 72 wt%. Trace fossils are rare.
Four m icrofacies were distinguished (Figs 3, 4): Sacco­
coma, crinoid-Saccocom a, Saccocom a-radiolarian and Sa- 
ccocom a-G lobochaete  wackestones. In addition, the b io ­
clasts include spicules, filaments, ostracods, foraminifers, 
crinoids, bivalves, the m icroproblem aticum  Gemeridella  
minuta  Borza et M isik, and the cysts o f  calcareous dinofla- 
gellates, the chitinoidellids (Figs 3, 4). G ąsiorow ski (1959, 
1962) described the com m on occurrence o f  Laevaptychus 
sp. in  the low erm ost part o f  this facies.
SECTION DESCRIPTIONS 
AND STABLE-ISOTOPE RESULTS
The six sections o f  the M iddle-U pper Jurassic deposits 
studi ed in the Tatra M ountains repsesent various tectonic 
units o f  the K rizna N appe (Table 1). The sections are as fol­
lows from  w est to east (Fig. 1): D ługa V alley (Dolina 
Długa), Lejow a V alley (Dolina Lejowa), Zadnia Kopka 
Kościeliska, U płaziańska Kopa, F ilipka V alley (Dolina F i­
lipka) and Zdiarska V idla (Płaczliwa Skała in  Polish). The 
first four sec tions are located in the W estern Tatra M oun­
tains, w hereas two other ones in the High Tatra and Belian- 
ske Tatra M ountains, respectively.
Długa V alley section
The section is exposed in the D ługa Valley, w hich is a 
tributary valley o f  the Chochołow ska V alley (Dolina Cho­
chołowska; Fig. 1; Table 1). The M iddle-U pper Jurassic de­
posits crop out in a north-south-oriented shallow  gully, run­
ning from  the Pośrednie ridge to the bottom  o f  the D ługa 
Valley. The section is 71 m  thick (Fig. 3).
The B ositra-crinoidal lim estones (about 16 m) overiie 
the Low er T oarcian-?A alenian red nodular limestones. 
Their low er part (1.7 m  thick) consists o f  pink and grey con­
densed crinoidal lim estones (Fig. 3), w hich tow ards the top 
gradually pass into the Bositra  lim estones (up to 14 m). The 
siliceous deposits start w ith spotted radiolarites, 9 m  thick, 
w hich are succeeded by  4.5 m  o f  green radiolarites. Contact 
betw een the green and variegated radiolarites is m arked by  a 
m inor fault. The calcareous vari egated radiolarites (12 m) 
are overl ain by red radiolarites (4 m), w hich term inate the 
siliceous part o f  the section. In the D ługa V alley section, the 
overlying red  nodular lim estones (5.5 m  thick) are replaced 
by p laty lim estones o f  the Jasenina Formation, the upper­
m ost 20 m  o f  the section studied.
The 118 bulk carbonate samples from  this 71 m  section 
display significant variation in the S13C values. In the Bo­
sitra-crinoidal limestones, the interval from 0-15 .5  m, the 
13S C curve shows values o f  2.5%o, foliow ed by  relatively 
stable values o f  about 2 %  (Fig. 3). Towards the top, in the 
spotted radiolarites from  16-18.5 m, a negative S13C excur­
sion is recorded, w ith values decreasing from  2% to a m i­
nimum value o f  1.2% . The minimum is foliowed by an in­
crease in the S13C values to a maximum o f 3 .2% , in green 
radiolarites at 28.4 m. Over the maximum the S C values 
show almost constant decrease from 3 .2%  to 1.1% . The only 
exception is a shift towards higher values in the order of 
2 .2%  in the red nodular limestones o f  the interval 42-47  m.
Lejow a Valley section
This section is located on the slope o f  Pośrednia Kopka 
Hill (Fig. 1; Table 1). It is com posed o f  three partial sections 
(L, Lb and Ld), w ith a m easured thickness o f  66 m  (Fig. 4A). 
The lowermost part o f  the section (L) is exposed in a small 
rocky cliff on the southern slopes o f  Pośrednia Kopka Hill. 
The middle part o f  the section (Lb) is located at the southern 
m argin o f  a forested gully, running towards the Huty Lejowe 
Glade (Polana Huty Lejowe). The uppermost part o f  the sec­
tion (Ld) crops out in a rocky cliff. Section Lc is 11.5 m  thick 
(Fig. 4B) and is situated at a rocky step in the axis o f  the gully.
The Toarcian-?A alenian red nodular limestones with fe­
rruginous macrooncoids are covered by  the Bositra-crinoi- 
dal limestones (about 4 m, not fully exposed) studied, which 
are succeeded by  slightly spotted radiolarites (about 12 m, not 
fully exposed) and green radiolarites (about 3.5 m; Fig. 4). The 
up per part o f  the section consists o f  variegated radiolarites, 
w ith reddish and greyi sh chert nodules (14 m), red radiola- 
rites (about 9 m), massive, red nodular limestones (about 8 m) 
with a radiolarite intercaiation 40 cm thick, and platy lime­
stones with packages o f  red, slightly nodular limestones (about 
20 m). Section Lc consists o f  red radiolarites (4.5 m), followed 
by red nodular limestones with a radiolarite bed (7 m).
A------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Fig. 8. Zdiarska Vidla section in the Belianske Tatra Mountains. Lithology, biostratigraphy (including position of the radiolarian and 
calcareous dinoflagellate samples) and results for carbon and oxygen isotope measurements, CaCO3 content and microfacies analysis. 
Age denotes calibration of radiolarian (UAZ 95) or calcareous dinoflagellata zones. Legend for lithologies as in Fig. 3.
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Zadnia K opka K ościeliska section
This section is situated on the eastern slope o f  Zadnia 
K opka Kościeliska, w hich is a forested hill betw een the Le­
jow a and Kościeliska valleys (Fig. 1; Table 1). The section 
studied is 32 m  thick (Pk; Fig. 5).
The low er part o f  the section com prises green radiola- 
rites (0.9 m ) and variegated radiolarites (at least 4 m). 
A bove an exposure gap o f  9 m, variegated radiolarites occur 
(14 m), followed by red radiolarites (3.6 m).
Upłaziańska Kopa section
The section crops out on the w estern slope o f  U pła­
ziańska K opa Hill in the W estern Tatra M ountains. Previ­
ously (Lefeld, 1974; Lefeld et al., 1985; Polak et al., 1998), 
the section w as described under the nam e o f  Gładkie Upła- 
ziańskie (Fig. 1; Table 1). The section is 34 m  thick (Fig. 6).
The success ion studi ed starts w ith green radiolarites 
(0.3 m) w hich pass into variegated radiolarites, w ith common 
massive red and dark grey chert nodules (17 m), red radiola- 
rites (at least 2 m) and red nodul ar limestones (about 12 m; 
Fig. 6). The upper part o f  the section is poorly exposed, 
owing to thrust faulting.
The S13C values (54 samples) from  the U płaziańska 
K opa section show  a steady decrease o f  2 .2%  (from  3.3%  
to 1.1. % ). O nly sm all m axim um  occurs (o f 3 .3% ) ju s t b e­
low  the boundary o f  green and variegated radiolarites.
Filipka V alley section
This section is located near the Filipczańska Glade (Fi- 
lipczańska Polana), in the Filipka Valley, H igh Tatra M oun­
tains (Fig. 1; Table 1). This section consists o fthree parts: Fp, 
Fz and Fk. The lowermost part (Fp) begins in a forested 
creek, which is a right tributary o f  the Filipczański Stream 
(Filipczański Potok). The partial sections Fz and Fk were stu­
died and m easured along the stream bed (waterfall) o f  the Fi­
lipczański Stream, w ith some vertical segments. The section 
is 89 m  thick (Fig. 7); the beds are in an overturned position.
The section commences with spotted limestones with a 
m easured thickness o f  32 m  (Fig. 7). In their upperm ost part, 
siliceous radiolarian limestones occur (Iwańczuk et al., 
2013). They are replaced by grey nodular limestones (22 m). 
The spotted radiolarites (12 m) change to siiiceous green 
radiolarites (about 6 m). The grey radiolarites are covered 
by  variegated radiolarites (1 m, not fully exposed). The con­
tact betw een the variegated and the red radiolarites is 
m arked by a thrust fault. The red radiolarites (2 m  thick), 
underlying the red  nodular limestones, are calcareous and 
rich in  red chert nodules. A  transitional zone to the red  nod­
uiar lim estones exhibits red, elongated chert nodules. The 
red nodul ar lim estones (13 m) are red, dusky red, pinki sh 
and greyish pink.
The 45 bulk samples from  the upper 60 m  o f  the F ilipka 
V alley section w ere analysed for stable isotope com position 
(Fig. 7). The S 13C curve shows a slightly scattered pattern 
that probably results from  the low er sampling resolution. In 
the upperm ost part o f  the section (69-76  m), the m axim um  
S13C values o f  3 .1%  w ere docum ented in  the green radio­
larites and as high as 3 .4%  in the variegated radiolarites. In 
the interval 76 -89  m, the S13C values decrease from  3 .5%  
to 1.6% .
Zdiarska V idla section
The section is situated on the eastern slope o f  Zdiarska 
V idla M ountain (Płaczliwa Skała in Polish) in  the Belianske 
Tatra M ount ains in  Slovakia (Fig. 1; Table 1). The lower 
part o f  the section crops out along the m ountain path, lead­
ing to the top o f  the Zdiarska V idla M ountain w hile its h ig ­
her part is located on a rocky slope above the path. The sec­
tion is 148 m  thick (Fig. 8). Spotted lim estones o f  the Łomy 
Lim estone M em ber overlie the M iddle A alenian-low erm ost 
Lower Bajocian black shales and lim estones w ith  Bositra  
(the Podskalnia Shale M ember; Lefeld et al., 1985; Iw ań­
czuk et al., 2013; see Fig. 17). The contact betw een these 
two M em bers exhibits considerable tectonic disturbance. 
For this reason, the low erm ost part o f  the Łom y Limestone 
M em ber w as not included in  the study.
The low er part o f  the section com prises spotted lim e­
stones (spotted lim estones and marls, 60 m  thick, succeeded 
by 23 m  o f  spotted lim estones w ith cherts) w ith beds o f  cri- 
noidal turbidites (Fig. 8; Misik, 1959). The spotted lim esto­
nes gradually pass into grey nodular lim estones (25 m 
thick). The m ain part o f  the section consists o f  spotted ra- 
diolarites (15 m), green radiolarites (about 12 m), variega­
ted radiolarites (5 m) and red radiolarites (about 2 m). The 
siliceous deposits are covered by  red  nodular lim estones 
(about 10 m; m easured thickness 5 m).
The 148 bulk samples from  the Zdiarska V idla section 
show considerable variation in  S13C values (Fig. 8). A  posi­
tive excursion in  S13C values, w ith an amplitude o f  1%  and 
steady h igh values o f  about 2 .5% , is recorded in the spotted 
lim estones (up to 38 m). In the interval 84-95 m, the S13C 
curve fluctuates slightly, reaching m inim al values o f  about 
1.1% . In the interval 98-108 m, the S13C curve reaches its 
m axim um  w ith values o f  2 .2%  at the top o f  the grey nodular 
limestones. In  the spotted radiolarites, the S13C curve ex­
hibits a m inim um  value o f  1.7% , followed by the m ain pos­
itive excursion o f  about 3 .7% . H igh S13C values o f  about 
3 .5%  stay stable up to 142 m  in the red radiolarites. In the 
overlying red nodular limestones, the S13C curve constantly 
decreases to m inim um  values o f  2.5% .
RADIOLARIAN DATING
The radiolarites o f  the K rizna N appe contain some car­
bonate adm ixture and the radiolarians are usually calcified 
and not w ell preserved. Cons equently, the extraction o f 
radiolarians w as often unsuccessful or the m icrofossils ob­
tained had lim ited stratigraphic value, because o f  the poor 
state o f  preservation (see O zvoldova, 1997). A  list o f  spe­
cies is given in  Table 2 and species are iliustrated in  Figs 
9-12. Radiolarians w ere analysed in  all o f  the sections stud­
ied. The sample locations are show n in Figs 3-8.
Latest Bajocian to Early Callovian (UAZs 5 -7 ) ra- 
diolarians were obtained from  the spotted radiolarites (sam ­
ples Fp143 and Fp269), in  the m iddle part o f  the Filipka
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Fig. 9. Radiolarians from samples of the Długa Valley section (Dsr). Scale bars in A, G = 20 pm, in B, F = 50 pm, in C-E, H-U = 100 
pm. Figs A-G. Sample Dsr62; latest Bajocian-Early Bathonian to Early Oxfordian (UAZs 5-8). A. Archaeodictyomitra patricki Kocher. 
B. Archaeodictyomitra whalenae Kozur et Mostler. C. Cinguloturris? sp. D. Mirifusus fragilis Baumgartner. E. Mirifusus guadalupensis 
Pessagno. F. Zhamoidellum sp. G. Hemicryptocapsa cf. yaoi (Kozur). Figs H-N. Sample Dsr96; Middle to Late Oxfordian (UAZs 6-9). 
H. Bernoullius rectispinus s.l. Kito, De Wever, Danelian et Cordey. I. Emiluvia sedecimporata (Rüst). J. Emiluvia cf. salensis Pessagno. 
K. Emiluvia sp. L. Paronaella cf. mulleri Pessagno. M. Monotrabs goricanae Beccaro. N. Tetraditryma corralitosensis (Pessagno). Figs 
O-U. Sample Dsr203; Middle Oxfordian to Early Tithonian (UAZs 9-11). O. Mirifusus guadalupensis Pessagno. P. Mirifusus sp. Q. 
Parapodocapsa amphitreptera (Foreman). R. Spinosicapsa cf. spinosa (Ozvoldova). S. Emiluvia sp. T. Angulobracchia cf. biordinalis 
Ozvoldova. U. Tetratrabs bulbosa Baumgartner.
V alley section (Fig. 7). Both assem blages (Fig. 12A -O ) in ­
dicate U A Zs 5 -7 ; the assem blage in sample Fp143 contains 
Palinandrom eda podbielensis (Ozvoldova) (FAD = First 
A ppearance D atum  in U A Z 5), together w ith Belleza de­
cora (Rüst) (LAD = Last Appearance D atum  in UAZ 7). 
The genus Semihsuum, last appearing in the Late Callovian 
(O ’D ogherty et al., 2009), w as also found. The presence o f 
Zhamoidellum  ovum  D um itrica (FAD in Callovian, Suzuki 
et al., 2001) could indicate a m ore restricted age for sample 
Fp143 that is not older than the Early Callovian. The overly­
ing sample Fp269 lacks Sem ihsuum , but cont ains Belleza  
decora  (Rüst). This species w as assum ed to be restricted to 
U A Zs 4 -7  (Baum gartner et al., 1995), but M arcucci and 
Prela (1996) suggested that the species could reach the 
Early O xfordian (UAZ 8). Thus it is possible that sample 
Fp269 is som ew hat younger than Callovian.
Latest Bajocian to Early Oxfordian (UAZs 5-8) 
radioiarians were found in the spotted radiolarites o f  the 
D ługa V alley section (sample Dsr62; Fig. 3) and in the lower 
part o f  the Lejowa Valley section (sample L58; Fig. 4). Sam-
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Table 2
Occurrence o f  radiolarian species in  samples from the M iddle-Upper Jurassic deposits o f  the Krizna Nappe, Tatra Mountains

















Arcanicapsa funatoensis (Aita) 3-11 cf.
Archaeodictyomitrapatricki Kocher x x
Archaeodictyomitra whalenae Kozur 
et Mostler x
Archaeodictyomitra sp. x x
Belleza decora (Rüst) 4-7 x x
Bernoullius rectispinus s.l. Kito, De 
Wever, Danelian et Cordey 1-9 x x
Cinguloturris sp. x x
Emiluvia ordinaria Ozvoldova 9-11 x
Emiluvia orea Baumgartner 4-11 x
Emiluvia salensis Pessagno 4-13 cf.
Emiluvia sedecimporata (Rüst) 3-11 x
Emiluvia sp. x x x x
Hemicryptocapsa carpathica 
(Dumitrica) 7-11 cf.
Hemicryptocapsa yaoi (Kozur) cf.
Higumastra sp. x
Higumastra imbricata (Ozvoldova) 4-8 cf. x
Hiscocapsa lugeoni O'Dogherty, 
Gorican et Dumitrica x
Hiscocapsa sp. x x x
Homoeoparoneaella argolidensis 
Baumgartner 4-11 cf. cf.
Homoeoparoneaella pseudoewingi 
Baumgartner 3-7 cf.
Lanubus cornutus (Baumgartner) 8-10 cf.
Mirifusus dianae s.l. (Karrer) 7-20 cf. x
Mirifusus fragilis s.l. Baumgartner 3-8 x cf.
Mirifusus guadalupensis Pessagno 5-11 x cf. x x x x
Mirifusus sp. x
Monotrabs goricanae Beccaro x cf.
Obesacapsula morroensis Pessagno 5-21 x x






Paronaella mulleri Pessagno 6-10 cf.
Paronaella sp. x x x
Praewilliriedelum convexum (Yao) 1-11 x
Semihsuum rutogense (Yang et Wang) x
Spinosicapsa spinosa (Ozvoldova) 8-13 cf.
Spinosicapsa sp. x x x
STRATIGRAPHY OF THE MIDDLE-UPPER JURASSIC OF THE KRIZNA NAPPE 15
Table 2 continued


















Spongocapsula perampla (Rüst) 6-11 cf.




Baumgartner 4-11 cf. cf.
Transhsuum maxwelli gr. (Pessagno) 3-10 x
Transhsuum sp. x
Triactoma blakei (Pessagno) 4-11 x x
Triactoma jonesi (Pessagno) 2-13 x
Triactoma sp. x x x
Tritrabs casmaliaensis (Pessagno) 4-10 x
Tritrabs ewingi s.l. (Pessagno) 4-22 x
Tritrabs exotica (Pessagno) 4-11 x
Tritrabs rhododactylus Baumgartner 3-13 x
Tritrabs sp. x x
Williriedellum sp. x
Zhamoidellum ovum Dumitrica ?7-11 x x cf. x
Zhamoidellum sp. x x x x x
Age (UAZones 95) 5-8 6-9 9-11 5-8 9-11 9-11 9-11 9-11 9-11 8-10 4-10 4-11 5-7 5-7 3-10 4-10
Facies sr gr rr sr vr vr vr rr rnl vr gr vr sr sr cl sr
The second column gives the zonal ranges of the species according to Baumgartner et al. (1995). Lithology: cl -  cherty limestones, sr -  spotted radiolarites, 
gr -  green radiolarites, vr -  variegated radiolarites, rr -  red radiolarites, rnl -  red nodular limestones
ple Dsr62 yielded a badly preserved radiolarian association 
(Fig. 9A -G ). Its age is determined on the basis o f  the pres­
ence o f  M irifusus frag ilis  Baumgartner (LAD in UAZ 8) and 
Mirifusus guadalupensis Pessagno (FAD in UAZ 5). Sample 
L58 (Fig. 10A -K ) is constrained w ith Higumastra imbricata 
(Ozvoldova) (LAD in UAZ 8), Obesacapsula morroensis 
Pessagno and M irifusus guadalupensis Pessagno (FADs in 
UAZ 5).
M iddle Bathonian to M iddle-L ate Oxfordian (UAZs
6-9) radiolarian assemblage was obtained from green radio­
larites o f  the D ługa Valley sections (sample Dsr96; Figs 3, 
9H -N ). The age assignment is based on the first occurrence 
o f  Paronaella mulleri Pessagno (UAZ 6) and the last occur­
rence o f  Bernoullius rectispinus s.l. Kito, De Wever, Dane- 
lian et Cordey (UAZ 9).
M iddle Callovian to Early K im m eridgian (UAZs 
8-10) radiolarians w ere identified in  the low er part o f  varie­
gated radiolarites o f  the Zadnia K opka K ościeliska section 
(Fig. 5). Sample Pk35 yielded m any and relatively diverse 
radiolarians (Fig. 11A -F). The age is based on the range o f 
Lanubus cornutus (Baum gartner) (UAZs 8-10).
M iddle O xfordian to Early Tithonian (UAZs 9 -11)  
radiolarians w ere identified in  the red  radiolarites o f  the up ­
per part o f  the D ługa V alley section (sample Dsr203; 
Fig. 3), in  the upperm ost part o f  the variegated radiolarites, 
red radiolarites, red  nodular lim estones o f  the Lejow a V al­
ley section (sample Lb1, L183, Lb38 and Lc39; Fig. 4) and
from  the vari egated radiolarites o f  the m iddle part (L140). 
A ccording to the presence o f  Angulobracchia biordinalis 
O zvoldova (UAZs 9 -11) sample Dsr203 (Fig. 9O -U ) is o f  a 
M iddle Oxfordian to Early Tithonian age.
The assemblage in  sample L140 (Fig. 10L-Q ) is char­
acterized by the presence o f  Em iluvia ordinaria  Ozvoldova 
(UAZs 9-11). The upperm ost radiolarian sample from  the 
same section (Lb38) is not younger than Early Tithonian, as 
ev i denced by  Zhamoidellum  ovum  D um itrica (LAD in UAZ 
11). A ll four successive samples in the variegated and red 
radiolarites (L140, Lb1, L138, and Lb38; Fig. 10L-X ) thus 
are assigned to the interval U A Zs 9-11. The sample Lc39 
(Fig. 10Y -A B), from  the base o f  the red  nodular lim estones 
in a parallel section, also contains Zhamoidellum  ovum  Du- 
m itrica and hence is not younger than U AZ 11. O n the basis 
o f  the local correlation betw een the two sections in  the Le­
jow a Valley, sample Lc39 is assigned to U A Zs 9-11.
The assemblages in  some samples (P286, P583, Gd7, 
Gd21) aliow  only a very broad age assignment. In sample 
P286 (from  the low er part o f  the Zdiarska V idla section, 
Figs 8, 11R), an Early B ajocian-E arly  K im m eridgian age 
(UAZs 3 to 10) could be inferred on the basis o f  Transh- 
suum maxwelli gr. (Pessagno). Sample P583 (the spotted 
radiolarites o f  the m iddle part o f  the Zdiarska V idla section, 
Figs 8, 11N-Q) is characterized by  relative abundance of 
small undeterminable nassellarians. A  Late Bajocian to Early 
Kimmeridgian age (UAZs 4 to 10) o f  the sample P583 is in-
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Fig. 10. Radiolarians from samples of the Lejowa Valley section (L, Lb, Lc). Scale bars in A, Q, X, Y, AB = 50 ^m, in FB-P, R-Z, AA 
= 100 ^m. Figs A-K. Sample L58; Latest Bajocian-Early Bathonian to Early Oxfordian (UAZs 5-8). A. Transhsuum sp. B. Mirifusus 
guadalupensis Pessagno. C. Mirifusus cf. guadalupensis Pessagno. D, E. Obesacapsula morroensis Pessagno. F. Bernoullius rectispinus 
s.l. Kito, De Wever, Danelian et Cordey. G. Higumastra cf. imbricata (Ozvoldova). H. Tritrabs ewingi s.l. (Pessagno). I. Triactoma jonesi 
(Pessagno). J . Triactoma blakei (Pessagno). K. Monotrabs cf. goricanae Beccaro. Figs L-Q. Sample L140; Middle-Late Oxfordian to 
Late Kimmeridgian-Early Tithonian (UAZs 9-11). L. Williriedellum sp. M. Emiluvia orea Baumgartner. N. Emiluvia ordinaria 
Ozvoldova. O. Tritrabs exotica (Pessagno). P. Tritrabs rhododactylus Baumgartner. Q. Triactoma blakei (Pessagno). Figs R-T. Sample 
Lb1; Middle-Late Oxfordian to Late Kimmeridgian-Early Tithonian (UAZs 9-11). R. Cinguloturris sp. S. Hemicryptocapsa cf. 
carpathica (Dumitrica). T. Hiscocapsa sp. Figs. U-W. Sample L183; Middle-Late Oxfordian to Late Kimmeridgian-Early Tithonian 
(UAZs 9-11). U. Spongocapsula cf. perampla (Rüst). V. Zhamoidellum ovum Dumitrica. W. Triactoma sp. Fig X. Sample Lb38; Mid­
dle-Late Oxfordian and Late Kimmeridgian-Early Tithonian (UAZs 9-11). X. Zhamoidellum ovum Dumitrica. Figs Y-AB. Sample 
Lc39; Middle-Late Oxfordian to Late Kimmeridgian-Early Tithonian (UAZs 9-11). Y. Archaeodictyomitra sp. Z. Mirifusus dianae s.l. 
(Karrer). AA. Zhamoidellum cf. ovum Dumitrica. AB. Hiscocapsa sp.
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Fig. 11. Radiolarians from samples of the Zadnia Kopka Kościeliska section (Pk), Upłaziańska Kopa section (Gd) and Zdiarska Vidla 
section (P). Scale bars in L = 20 ^m, in A, D, K = 50 ^m, in B, C, E-J, M -R = 100 ^m. Figs A-F. Sample Pk35; Middle Callovian-Early 
Oxfordian to Late Oxfordian-Early Kimmeridgian (UAZs 8-10). A. Archaeodictyomitrapatricki Kocher. B, C. Mirifusus guadalupensis 
Pessagno. D. Zhamoidellum? sp. E. Emiluvia sp. F. Lanubus cf. cornutus (Baumgartner). Figs G-J. Sample Gd7; Late Bajocian to Late 
Oxfordian-Early Kimmeridgian (UAZs 4-10). G. Higumastra sp. H. Tritrabs casmaliaensis (Pessagno). I. Paronaella sp. J. Angulo­
bracchia sp. Figs K-M. Sample Gd21; Late Bajocian to Late Kimmeridgian-Early Tithonian (UAZs 4-11). K. Archaeodictyomitra sp. L. 
Arcanicapsa cf. funatoensis (Aita). M. Triactoma sp. Figs N-Q. Sample P583; Late Bajocian to Late Kimmeridgian-Early Tithonian 
(UAZs 4-11). N. Paronaella sp. O. Tetraditryma cf.pseudoplena Baumgartner. P. Tritrabs sp. Q. Spinosicapsa? sp. Fig. R. Sample P286; 
Early Bajocian to Early Kimmeridgian (UAZs 3-10). R. Transhsuum maxwelli gr. (Pessagno).
dicated by  Tetraditryma pseudoplena  Baumgartner (Fig. 
11O). From  the pres ence o f  Tritrabs casmaliaensis (Pes­
sagno), sample Gd7 (lower part o f  the Upłaziańska K opa sec­
tion, Figs 6, 11G-J) is o f  Late Bajocian-Early Kimmerid­
gian age (UAZs 4-10). Sample Gd21 (lower part o f  the U pła­
ziańska Kopa section; about 2 m  above sample Gd7; Fig. 11 
K -M ) is not younger than Late Kim m eridgian-Early Titho- 




The biostratigraphy o f  the K im m eridgian and Early Ti- 
thonian deposits studied is based on the calcareous dinofla- 
gellate and calpionellid succession (see Jach et al., 2012). 
Cysts o f  the calcareous dinoflagellates are generally well 
preserved, even i f  the matrix is recrystallized (Fig. 13). Six
dinocyst zones and one calpionellid zone w ere recognized 
in the sections studied (Figs 3-8).
The occurrence o f  the calcareous dinocyst association 
Stomiosphaera moluccana  W anner, Cadosina parvula  Nagy, 
Colomisphaera nagyi (Borza), C. carpathica  Borza, C. pie- 
niniensis (Borza), Schizosphaerella minutissima  (Colom) 
was observed in  the uppermost part o f  the red radiolarites 
and/or in the red noduiar limestones o f  the D ługa Valiey 
(samples D sr231-302a), Lejowa V alley (samples Lb44-88), 
Zadnia Kopka Kościeliska (sample Pk201) and Filipka V al­
ley sections (sample Fz2; Figs 3-5 , 7, 13A-B). This associa­
tion is typical o f  the Late Kimmeridgian M oluccana Zone.
Y ounger deposits, the red  nodular lim estone o f  the Le­
jow a V alley (samples Lb91, 100, L c17-39) and Filipka V a­
lley sections (sample Fk37), yield a cyst association, with 
Stom iosphaera moluccana  W anner accom panied by Car- 
pistom iosphaera borzai (Nagy) (Figs 4, 7, 13C). The latter 
cyst is the index m arker o f  the Borzai Zone, w hich dates the 
topm ost part o f  the Late Kim m eridgian (Lakova et al.,
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Fig. 12. Radiolarians from samples of the Filipka Valley section (Fp). Scale bars in G-J, M, P = 50 ^m, in A-F, K, L, N, O = 100 ^m. 
Figs A-L. Sample Fp143; Latest Bajocian-Early Bathonian to Late Bathonian-Early Callovian (UAZs 5-7). A. Mirifusus guadalupensis 
Pessagno. B, C. Mirifusus cf. fragilis Baumgartner. D. Palinandromeda podbielensis (Ozvoldova). E. Zhamoidellum ovum Dumitrica. F. 
Olanda sp. G. Hiscocapsa lugeoni O ’Dogherty, Gorican et Dumitrica. H. Belleza decora (Rüst). I. Semihsuum rutogense (Yang et Wang). 
J. Higumastra imbricata (Ozvoldova). K. Tetraditryma cf. pseudoplena Baumgartner. L. Emiluvia sp. Figs M-O. Sample Fp269; Latest 
Bajocian-Early Bathonian to Late Bathonian-Early Callovian (UAZs 5-7). M. Belleza decora (Rüst). N. Homoeoparonaella cf. 
pseudoewingi Baumgartner. O. Homoeoparonaella cf. argolidensis Baumgartner. Fig. P. Sample Fp288. P. Preawilliriedellum convexum 
(Yao). Fig. Q. Sample Fk54. Q. Spinosicapsa sp.
1999; Rehakova, 2000) or according to older authors it da­
tes the Late K im m eridgian and earliest T ithonian (Nowak, 
1968; Borza, 1984).
The overiying lim estones -  the m iddle or upperm ost 
part o f  the red nodular lim estones and/or the platy lim esto­
nes o f  the D ługa V aliey (samples D sr304-308), Lejowa 
V alley (samples Lb 108-132a, Ld1, Ld5) and Zdiarska 
V idla sections (samples P78, P79) -  contain a cyst associa­
tion w ith Carpistomiosphaera borzai (Nagy), Colomispha- 
era p u lla  (Borza), C. radiata  (Vogler), C. carpathica  (Bo- 
rza), C. pieniniensis  (Borza), C. nagyi (Borza), Schizospha- 
erella m inutissima  (Colom), Stom iosphaera moluccana  
W anner, Cadosina semiradiata semiradiata  W anner and 
Colomisphaera  aff. fo rtis  Rehanek (Figs 3, 4, 8, 13D -G , K). 
This association m arks the base o f  the Early Tithonian Pulla 
Zone. It should be noted that the last m entioned cyst shows 
a relation to Colomisphaera fo r tis  (Rehanek), the zonal 
m arker for the stratigraphic ally higher Fortis Zone (Reha-
nek, 1992). But, in  order to accept and m ake a correction to 
this cyst distribution and also a possible zonal scheme in the 
future, additional inform ation is needed.
Despite the fact that one cyst resem bles Carpistomio- 
sphaera tithonica  N ow ak, the P ulla-T ithonica Zone o f  the 
Early T ithonian (sensu  Lakova et al., 1999; Rehakova, 
2000) w as distinguished in  the red  nodular lim estones o f  the 
Upłaziańska K opa (sample Gd97) and Filipka Vall ey sec­
tions (sample Fk20). A ccording to Borza (1984), Carpi­
stom iosphaera tithonica  N ow ak (Figs 6, 7, 13H) and 
Colomisphaera p u lla  (Borza), occasionally m ay replace 
each other and are suitable for the recognition o f  the com ­
bined P ulla-T ithonica Zone (Early Tithonian).
The youngest cyst zone w as det erm ined in the upper­
m ost part o f  the red nodular lim estones and/or in the platy 
lime stones o f  the D ługa V ali ey (samples D sr310-322a), 
Lejow a V all ey (samples L b135-146, Lc48), U płaziańska 
K opa (samples G d100-128) and F ilipka V alley (samples Fk
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Fig. 13. Late Kimmeridgian-Early Tithonian calcareous dinoflagellates and chitinoidellids. Sample locations in the sections are indi­
cated in Figs 3-8. Scale bars: = 50 ^m. A. Colomisphaera nagyi (Borza), sample Pk181. B. Stomiosphaera moluccana Wanner, sample 
Fz2. C. Carpistomiosphaera borzai (Nagy), sample Fk37. D. Colomisphaera radiata (Vogler), sample P78. E. Colomisphaera pulla 
(Borza), sample P78. F. Schizosphaerella minutissima (Colom), sample P78. G. Schizosphaerella minutissima (Colom), sample Fk20. H. 
Carpistomiosphaera tithonica Nowak, sample Gd97b. I. Colomisphaera pulla (Borza), sample Dsr312b. J. Colomisphaera carpathica 
(Borza), sample Dsr314. K. Colomisphaera aff. fortis (Borza), sample Dsr318a. L. Colomisphaera carpathica (Borza), sample Fk4. M. 
Carpistomiosphaera tithonica Nowak, sample Dsr312b. N. Parastomiosphaera malmica (Borza), sample Dsr314. O. Parastomiosphaera 
malmica (Borza), sample Fk1. P. Colomisphaera cieszynica (Borza), sample Dsr314. Q. Cadosina semiradiata semiradiata (Wanner), 
sample Gd146. R. Borziella slovenica (Borza), sample Ld12b. S. Chitinoidella boneti Doben, sample Ld12.T. Longicollaria dobeni 
(Borza), sample Ld12b.
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1-9) sections. Here the cysts Parastom iosphaera malmica  
(Borza), Schizosphaerella m inutissima  (Colom), Carpisto- 
miosphaera tithonica  N ow ak, Stom iosphaera moluccana  
Wanner, Cadosina semiradiata semiradiata  W anner, Colo­
misphaera nagyi (Borza), C. pu lla  (Borza), C. carpathica  
(Borza), C. cieszynica  (Borza), C. p ieniniensis  (Borza), C. 
fib ra ta  (Nagy), C. aff. fo r tis  Rehanek, and C. radiata  (Vog­
ler) w ere docum ented (Figs 3, 4, 6, 7, 13I-P). This cyst as­
sociation is typical o f  the M alm ica Zone (Early Tithonian). 
Since Colomisphaera fib ra ta  (Nagy) was not observed in 
higher cyst zones up to now, its presence here can be con­
sidered to be the result o f  resedimentation. So far, the last 
oc currence o f  Colomisphaera radiata  (Vogler) was identi­
fied in  the Pulla Zone (Borza, 1984; Rehakova, 2000). 
Thus, the stratigraphic range o f  this taxon should be cor­
rected and shifted to the M alm ica Zone.
Locally, in  the U płaziańska K opa section (samples Gd 
133-146), the red  nodular lim estones contain a cyst associa­
tion w ith frequent Cadosina semiradiata semiradiata  W an­
ner (Figs 6, 13Q), C. semiradiata fu sc a  (W anner), Schizo­
sphaerella m inutissima  (Colom) and Colomisphaera cie- 
szynica  (Borza). This associetion m arks the base o f  the 
Early Tithonian Semiradiata Zone.
The first calpionellids w ith m icrogranular calcite lori­
cas are Borziella slovenica  (Borza) (Fig. 13R), Chitinoi- 
della boneti D oben (Fig. 13S), Longicollaria dobeni 
(Borza) (Fig. 13T), Dobeniella colomi (Borza), occurring in 
the platy lim estones o f  the Lejow a V alley section (samples 
Ld10, Ld12; Fig. 4), confirm  the onset o f  the Early Titho- 
nian D obeni and the Boneti subzones o f  the Chitinoidella 
Zone (sensu  Borza, 1984; Rehakova, 2002; Jach et al., 
2012).
DIS CUS SION 
Stable-isotope stratigraphy
Imprint o f  diagenesis
A ssessm ent o f  the influence o f  diagenetic alteration on 
the stable-isotope record in the deposits studied is necessary 
for any evaluation o f  their usefulness in chem ostratigraphic 
correlation. O xygen isotopes in  carbonate deposits are sus­
ceptible to diagenetic alteration, ow ing to the m uch higher 
oxygen contents o f  diagenetic waters, com pared to their 
(dissolved) carbon concentrations. A s a consequence, the 
carbon isotopic record is less susceptible to alteration by 
burial diagenesis than the oxygen record (e.g., Banner and 
Hanson, 1990; M arshall, 1992). Usually, the rock-fluid al­
teration during diagenesis results in  a decrease o f  8 18O val­
ues, w hereas diagenetic m odification o f  8 13C values m ay 
rem ain insignificant (e.g., M arshall, 1992; Padden et al., 
2002; Bojanow ski et al., 2014).
The 8 13C values o f  the analysed deposits range from  1 
to 3.8%o, w hich is typical o f  Jueass ic pei agic carbonates 
(e.g., Jenkyns and Clayton, 1986). A ll o f  the carbon-isotope 
curves generated  show  an agreem ent in the overall pattern. 
The 8 C signal appears to be partly lithologically depend­
ent as the maj or 8 C excursions are found in biosiliceous 
facies (radiolarites). This can be explained by the primary,
13global co-occurrence o f  high carbonate 8 C values and en­
hanced siliceous plankton productivity (e.g., Bartolini et al., 
1996; Racki and Cordey, 2000; M orettini et al., 2002; 
O ’D ogherty et al., 2006).
The p lot o f  8 13C versus 8 18O is used routinely to assess 
a potential diagenetic im print on the stable-isotope record 
(e.g., Banner and Hanson, 1990; H uck et^al., 2 0 1 3 )  A  sig­
nificant positive correlation betw een 8 O and 8 C may 
suggest a diagenetic imprint. This is because o f  a sim ult a- 
neous decrease in both  8 18O and 8 13C values in  rocks af­
fected by m eteoric or burial diagenesis (e.g., Banner and 
Hanson, 1990). Such plots for the values obtained reveal a 
w eak correlation (r2 = 0.18, 0.06 and 0.02; Fig. 14A). This 
suggests an insignificant influence o f  diagenetic alteration 
on the stable isotope records. O nly the values from  the 
Upłaziańska K opa section display m oderate negative cova­
riance (r2 = 0.36).
Typical 8 18O values for Jurassic marine carbonates 
range betw een -3  and 0 %  (e.g., Jenkyns and Clayton,
1986). D iagenetic alteration generally leads to a decrease in 
the 8 18O values. The m easured 8 18O values range from  -6  
to -1 .4 % . A lthough a 2 %  difference in  8 18O values o f  bulk 
carbonates was noted betw een the w estern and eastern parts 
o f  the Tatra M ount ains, the shape o f  the 8 13C trends re - 
m ains the same in  both areas. This suggests that the carbon 
isotope com position o f  the sections studied is a reliable indi­
cator o f  secular variations in  the 8 13C values o f  m arine car­
bonates.
The p lot o f  8 13C versus CaCO 3 shows a w eak (r2 = 0.05 
and 0.02) or m oderately (in the W estern Tatra M ountains -  
r2 = 0.18 and 0.23) negative covariance (Fig. 14B). Con­
versely, in  the samples studied, a m oderate positive cova­
riance exists betw een 8 18O and CaCO 3 (Fig. 14C). Sim i­
larly, the pelagic deposits o f  the Term inilletto section 
(Um bria-M arche Basin) show low er 8 18O values in the 
presence o f  abundant cherts (Bartolini et al., 1996). The au­
thors suggested that such a negative shift m ay be diagenetic 
or palaeoenvironm ental in  origin (see discussion in  B arto­
lini et al., 1996).
Taking into account all o f  the aspects discussed above, 
it m ight be accepted that the 8 13C signal in the deposits stu­
died is primary. Additionally, it suggests that 8 C o f  bulk 
samples o f  m icritic carbonates from carbonate-biosiliceous 
deposits, containing only a small am ount o f  carbonate ad­
mixture (up to 12 wt%  o f  CaCO 3 ), can be used effectively 
in chem ostratigraphic studies.
Carbon-isotope stratigraphy
The unique 8 13C isotope pattern in the M iddle-U pper 
Jurassic o f  the Tethyan region and the peri-Tethyan basins 
is relatively w ell recognized in  bulk  carbonate (e.g., 
Bartolini et al., 1995, 1996, 1999; W eissert and Erba, 2004; 
O ’D ogherty et al., 2006; Louis-Schm id et al., 2007) as well 
as in w ood (e.g., Pearce et al., 2005) and skeletal samples 
(e.g., Podlaha et al., 1998; W ierzbowski, 2002, 2004). All 
these curves are characterized by distinctive shifts and p ro­
nounced trends, w hich are in  m ost cases com parable (e.g., 
P isera et al., 1992; Gruszczyński, 1998; Jenkyns et al., 
2002; Brigaud et al., 2009; Pellenard et al., 2014). Interest­
ingly, m ost carbon isotope trends for skeletal calcite are
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Fig. 14. Correlation of some geochemical parameters. A. Plot of S13C versus S18O. The most negative S18O values occur in the Długa 
Valley and Upłaziańska Kopa sections indicating that isotopic composition was slightly altered by burial diagenesis. B. S13C versus 
CaCO3 content. The values show a moderate negative correlation or no covariance, indicating that silica diagenesis may not have influ­
enced carbon isotopic signal. C. S18O versus CaCO3 content. The values reveal a moderate positive correlation, indicating that silica had 
infuence on the S1 O record.
consistent w ith the trends in bulk  carbonates, although ab­
solute S 13C values and am plitudes m ay differ. The bulk car­
bonate S 13C curves are norm ally calibrated on the basis o f  
ammonites (e.g., O ’D ogherty et al., 2006) or calcareous 
nannofossils (e.g., Bartolini et al., 1995, 2003) and only 
rarely on radiolarians (Bartolini et al., 1995). The data p re­
sented allow the establishm ent o f  a stratigraphic fram ework 
in, until now, poorly docum ented successions. The short­
term  and long-term  isotope shifts and excursions identified 
were num bered from  1 to 8  (Fig. 15).
(1) The slight increase in S13C values (up to 2.5%o) is 
recorded in the interval 0 -38  m  in the spotted limestones 
and marls o f  the Zdiarska V idla section (num ber 1 in Fig. 
15). The age o f  these deposits is confirm ed by  ammonites, 
indicative o f  the Early Bajocian Propinquans Zone and the 
latest Bajocian and/or eartiest Bathonian, described from 
the same facies in  the Filipka V altey (M yczyński, 2004; 
Iwańczuk et al., 2013). It is probable that S13C positive ex­
cursion (o f 2 .5% ), recorded in  the low erm ost part o f  the 
Bositra-crinoidal facies (0.5 m  in the D ługa V alley section), 
is the equivalent o f  the slight increase, noted above. H ow ­
ever, the excursion cannot be identified unequivocally, ow ­
ing to the lack o f  biostratigraphic data (Fig. 3). The lim e­
stones in  question occur above the Toarcian-?A alenian red
nodular lim estones (M yczyński and Lefeld, 2003; My- 
czyński and Jach, 2009) and bel ow  the U pper Bathonian 
spotted radiolarites (data in  this paper; see also Polak et al., 
1998). Hence both o f  the increases in S13C values from 
Zdiarska V idla and D ługa V alley sections are considered as 
a record o f  the Early Bajocian event (num ber 1 in Fig. 15).
The positive S1 C excursion o fE a rly  Bajocian age was 
recorded in  several sections o f  the W estern Tethyan region, 
among others, from the Southern Alps (Zem polich and 
Erba, 1999; Baumgartner, 2013), Um bria-M arche A penni­
nes (Fig. 16B; Bartolini et al., 1996, 1999; Bartolini and 
Cecca, 1999; M orettini et al., 2002), and the Betic Cordil­
lera (Fig. 16F; O ’D ogherty et al., 2006), as well as from  the 
French Subalpine Basin in  the D igne region (Corbin, 1994 
f id e  O ’D ogherty et al., 2006; Sucheras-M arx et al., 2013). 
Radiolarian data from  the Terminilletto section in  the 
Um bria-M arche A pennines perm it reference o f  the excur­
sion discussed to the UAZ 3 (Bartolini et al., 1995; Fig. 
16B). D et ailed biostratigraphy, based on ammonites, dates 
precisely the range o f  this positive excursion as the W alkeri 
Subzone o f  the Discites Zone to the Rom ani Subzone o f  the 
H um phriesianum  Zone (Fig. 16F; O ’D ogherty et al., 2006).
(2) The S13C curve in  the interval 30-85  m  o f  the 
Zdiarska V idla section is difficult to interpret (Fig. 8),
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Fig. 15. Summary of correlation of the Bajocian-Early Tithonian S13C curves from the Krizna Unit of the Tatra Mountains.
m ainly because o f  insufficient biostratigraphic data. In the 
interval 84-95 m  o f  the low er part o f  the grey nodular lim e­
stones, the S13C values reach a m im m um  o f  about 1.1%  
(num ber 2 in  Fig. 15). Such low  values closely m atch the 
m inim um  o f  the carbon isotope curve from  the Tethyan and 
peri-Tethyan regions, w hich corresponds to the latest B ajo­
cian (Fig. 16A -C , F; e.g., Corbin, 1994 f id e  O ’D ogherty et 
al., 2006; Bartolini et al., 1996, 1999; G ruszczyński, 1998; 
Jenkyns et al., 2002; O ’Dogherty et al., 2006). The 
radiolarian data, p re t ented in  this paper, lim it the upper 
range o f  the shift discussed to the Early Callovian (UAZs 
5-7 ; Fig. 7), or m ore precisely to the Late Bathonian (Polak 
et al., 1998). The Bajocian age o f  the shift seems to be con­
trary to the age o f  the undertym g cherty lim estones (Bro- 
niarski Lim estone M ember), w hich were dated by m eans o f  
ammonites as the latest Bajocian and/or the earliest Batho- 
nian in the F ilipka Vall ey (M yczyński, 2004; Iwańczuk et 
al., 2013). However, the ammonites w ere not precisely lo ­
cated in  the section. In fact, they could have com e from  the 
grey nodular limestones, w hich so far have not been distin­
guished in  this section. Consequently, the latest Bajocian 
age is postulated for the S13C negative shift discussed (num ­
ber 2 in Fig. 15).
(3) The m inor positive S13C shift (o f 2 .2 %  and am pli­
tude 0 .9% , num ber 3 in Fig. 15) in  the interval 98-108 m  in 
the Zdiarska V idla section, m ay be correlated w ith the Early 
Bathonian event. It is supported only indirectly by sample 
Fp143, located in a sim üar position in  the Filipka Valtey 
section, w hich is ju st above grey nodular lim estones (latest 
Bajocian to Early Callovian, U A Zs 5 -7 ; Fig. 7). The S13C 
shift w as assigned to the Early Bathonian, on the basis o f  
radiolarian cortetation in  the U m bria-M arche A pennines 
(Fig. 16B; Bartolini et al., 1999) and ammonites in the Sub- 
betic Basin (Fig. 16F; O ’D ogherty et al., 2006). Composite 
S13C curves, com piled by  G ruszczyński (1998) and Jenkyns 
et al. (2002), also show the shift discussed (Fig. 16A, C).
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(4) A  negative S C shift was identified in the lower 
part o f  the spotted radiolarites (num ber 4 in  Fig. 15; in  the 
Zdiarska V idla section w ith a m inim um  o f  1 .7%  at 116 m; 
in the F ilipka V altey section w ith a m in m u m  o f  1.5%  at 
60 m, and in the D ługa V altey section w ith a m in m u m  o f 
1 .2%  at 18.5 m). Polak et al. (1998) dated this part o f  the 
sections at the Banie Huciska, G ładkie U płaziańskie and 
Zdiarska V idla as Late B athonian-E arly  Callovian (UAZ 7, 
their samples HC-5, GU-2, GU-3, ZV-8). New, less precise 
radiolarian data only prove its Late B ajocian-E arly  Callo­
vian age (UAZs 5 -7  in the samples Fp143, Fp269 in Fig. 7). 
A  sim ilar S13C shift, assigned to the Late Bathonian on the 
basis o f  radiolarian cortetation (UAZ 7), w as recorded in 
the U m bria-M arche A pennines (Fig. 16B; Bartolini et al., 
1995, 1996, 1999). In the Subbetic Basin, an analogous n e­
gative excursion has been recognized in the U pper B atho­
nian (Fig. 16F; O ’D ogherty et al., 2006). The same S13C 
pattern is evidenced from  the com posite data set, presented 
by  G ruszczyński (1998; Fig. 16A). A ll these data suggest 
that the negative S 3C shift discussed is referable to the Late 
Bathonian.
13(5) The increasing trend in  S C values starts in the up ­
per part o f  the U pper B athonian-Low er Callovian spott ed 
radiolarites (UAZ 7; Polak et al., 1998; this study) and con­
tinues in the M iddle C allovian-Low er O xfordian green ra ­
diolarites (UAZ 8; Polak et al., 1998; Banie Huciska, G ład­
kie U płaziańskie, Zdiarska V idla sections; their samples 
GU-6, HC-8, ZV-2; this study, UAZs 6 -9 , sample Dsr96; 
Fig. 3). The sharp increase in S13C values results in a prom i­
nent posHive excursion (num ber 5 in  Fig. 15). It is docu­
m ented in  the upperm ost part o f  the green radiolarites, in all 
o f  the curves pre tented, w ith the exception o f  the U pła­
ziańska Kopa section, and reaches an amplitude o f  2%. In the 
D ługa V alley section, the values exceed 3 .2%  at 29 m  
(Fig. 3) and in the Filipka Valley section 3 %  at 71 m  (Fig. 7), 
whereas in the Zdiarska V idla section the excursion reaches a 
value as high as 3 .7%  at the 133 m  (Fig. 8). The new 
radiolarian data com bined w ith the data presented by Polak 
et al. (1998) prove that the positive S13C excursion (number 
5 in  Fig. 15) can be taken as a record o f  the Late Callovian 
event.
The S13C curves presented show  a rem arkable sim ila­
rity  to the Callovian curves from  several sections o f  the 
W estern Tethyan and the peri-Tethyan basms. The S13C 
data o f  skeletal carbonate and bulk carbonate samples, p re­
sented by  Gruszczyński (1998; Fig. 16A), show  pronounced 
positive excursions in the Callovian. The same characteris­
tic pattern is v isM e in the com pitation, presented by  Jen­
kyns et al. (2002; Fig. 16C). In the Southern A lps section in 
Italy, a clear positive excursion w as recorded in the lo w er- 
m iddle part o f  the Callovian, foltow ed by a m inor positive 
peak for the A thleta Zone o f  the U pper Callovian (Jenkyns, 
1996). Similar peaks w ere recognized in  the pelagic depos­
its in  the U m bria-M arche A pennines (Fig. 16B; Bartolini et 
al. 1995, 1996, 1999; M orettini et al., 2002). Bartolini et al. 
(1995) proved that the pronounced positive excursion corre­
sponds to the M iddle C allovian-Early O xfordian int erval 
(UAZ 8). The observed pattern o f  the S13C curve from  the 
sedm en ts o f  the Tatra M ountains m irrors also the curve 
from the lim estones o f  the w estern Sirily, w hich display
13 positive excursions in  the Callovian (Cecca et al., 2001). In ­
terestingly, a sim ilar S13C trend w as recorded in  the bivalve,
beltm nite and bulk carbonttes from  the Paris B atin. It
13shows slightly scattered, but increased S C values in the 
C alloviense-Lam berti zones o f  the Callovian (Brigaud et 
al., 2009). The age o f  this m ajor Callovian positive S 3C ex­
cursion in the A thleta and Lam berti zones (Upper Callo- 
vian), recorded in belemnite rostra from the Polish Jura Chain, 
is confirmed by precise ammonite stratigraphy (Wierzbowski 
et al., 2009).
(6) A bove the Late Callovian positive S13C ex cur sion, 
the curves in all the sections show a steadily decreasmg 
trend (num ber 6 in  Fig. 15; U A Zs 9-11 in sample Dsr191 in 
Figs 3, 6 -8). It is com patable to the general pattern, re i 
corded in several curves for the W estern Tethyan region 
(Pisera et al., 1992; W eissert and M ohr, 1996; Cecca et al., 
2001; Padden et al., 2002; W eissert and Erba, 2004; 
Coim bra et al., 2009). This decreasing trend is regarded as 
the m ost characteristic feature o f  the Late Ju tastic  S13C 
curves.
(7) In the decreasing trend, some S13C fluctuations are 
recorded. The m ost prom inent o f  them  are increases in S13C 
values, noted in  the U płaziańska K opa section at 1.7 m  (o f 
3 .3% , Fig. 6) and in the F ilipka V alley section at 74 m  (o f 
3 .4% , Fig. 7). In all these sections increased values occur in 
the low erm ost part o f  the variegated radiolarites, w hich are 
dated as M iddle-L ate O xfordian by  m eans o f  radiolarian 
data (Polak et al., 1998, U AZ 9 in the samples GU-10, 
GU-11). It is plausible that the shift m entioned above (num ­
ber 7 in Fig. 15) reflects the M iddle O xfordian excursion, 
recorded in several S13C curves (e.g., Jenkyns, 1996; W ei­
ssert and M ohr, 1996; Bartolini et al., 1995, 1999; M orettini 
et al., 2002; Padden et al., 2002; Rey and Delgado, 2002; 
W ierzbowski, 2002; Pearce et al., 2005; Louis-Schm id et 
al., 2007; Rais et al., 2007; Coim bra et al., 2009).
(8) The m inor positive S13C shift (num ber 8 in  Fig. 15), 
w hich culm inates at 46 m  in the D ługa V alley section and at 
76 m  in the Filipka V alley section, w as dated on the basis o f  
calcareous dinoflagellates as in the M oluccana Zone o f  the 
Late K im m eridgian (Figs 3, 7, 8). A  sim ilar shift, but w ith­
out stratigraphic control, w as recorded in the Zdiarska V idla 
section at 142 m  (Fig. 8). A n analogue S13C shift was recog­
nized in  m any Tethyan sections, for instance, in the Helvetic 
N appes o f  eastern Switzertand and in the Southern Alps 
(W eissert and Mohr, 1996; Cecca et al., 2001; Padden et al,
2002). It was also identified in the Eudoxus Zone o f  the 
Late Kim m eridgian in the Kim m eridge Clay o f  D orset o f  
the north European basin (Fig. 16C; M organs-Bell et al., 
2001; Jenkyns et al., 2002). It is likely that the excursion 
discussed is correlated w ith a positive anom aly o f  the Late 
Kim m eridgian in  the w estern Palaeo-Pacific region (Kaki- 
zaki and Kano, 2014).
A ge o f the studied deposits
Integrated radiolarian, calcareous dinoflagellate, cal- 
pionellid and stable isotope stratigraphy has shed new  light 
on the age o f  the deposits studied and perm its the establish­
m ent o f  a new  stratigraphic scheme, w hich is presented and 
discussed below  (Fig. 17).
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Pre-radiolarite deposits
There is a great difference in the facies types o f  depo­
sits, underiym g the radiolarites betw een the W estern Tatra 
M ountains and eastern part o f  the Tatras (the H igh Tatra and 
Belianske Tatra M ountains). In the former area the deposits 
were laid dow n on subm arine highs, their slopes and in  per­
ched basins, whereas in  the latter one a thick lim estone-marl 
basinal succession was depostied (Iwanow, 1973; Lefeld, 
1974; W ieczorek, 2001; Jach and Starzec, 2003; Gradziński 
et al., 2004; Jach, 2005, 2007; Iwańczuk et al., 2013). Fa­
cies changes have been noticed even over short distances, 
w hich indicate deposition in  a basin w ith highly variable to ­
pography (Guzik, 1959; Jach, 2007).
The stratigraphy o f  the low er part o f  the M iddle Juras­
sic depostis in the W estern Tatra M ountains is poorly de­
fined, w hich results from  the scarcity o f  index fossils, in ­
com pleteness o f  the sections, as w ell as the com m on occur­
rence o f  condensations and hiatuses (Jach and Starzec, 
2003; G radziński et al., 2004). The Bositra-crinoidal lim e­
stones studied overlie red  nodular limestones, w hich in their 
m iddle part contain ammonites, diagnostic o f  the Serpenti­
num, Bifrons and Pseudoradiosa zones o f  the Toarcian 
(M yczyński and Lefeld, 2003; M yczyński and Jach, 2009). 
The Bositra -crinoidal lim estones are considered to be older 
than Late Bathonian, since the lim estones discussed are d i­
rectly foltowed by spotted radiolarites o f  the Late B atho­
n ian -E arly  Callovian (see betow; see also Polak et al.,
1998). M oreover, the recorded high S13C values probably 
refer to the Early Bajocian event (num ber 1 in Fig. 15) and 
are located betow  the Late Bathonian negative shift (num ­
ber 4 in Fig. 15; Fig. 3).
Sedimentary features indirectly confirm the above view. 
The upper part o f  the underiytiig red nodutar limettones, 
above the location o f  index ammonites, displays several cha­
racteristic features o f  condensed deposits, such as a concen­
tration o f  microborings in bioclasts as well as the presence o f 
ferruginous macrooncoids, pel agic stromatolites and glau­
conite (Gradziński et al., 2004). Thus, it points to a low rate 
o f  sedimentation. Moreover, the upper boundary o f  the red 
nodular lim estones is an om ission surface, w hich records a 
break in sedim entation and a stratigraphic hiatus (Jach, 
2007). Simitarly, co n t entration o f  glauconite grains and 
films indicates that the low er part o f  the B ositra -crinoidal 
lim estones also represents condensed deposits.
The above view  corresponds well w ith the broadly recor­
ded phenom enon o f  non-deposition during the earliest Bajo­
cian. It was recognized in several Tethyan sections (e.g., M o­
rettini et al., 2002; Gawlick et al., 2009). The m ass occur­
rence o f  Bositra  at the top o f  the facies discussed also seems 
to be significant. The widespread occurrence o f  the Bositra 
microfacies is typical o f  the Bathonian and Callovian pelagic 
deposits o f  the W estern Tethys and peri-Tethyan basins (e.g., 
W ierzbowski, 1994; W ierzbowski et al., 1999; O ’Dogherty 
et al., 2006; Navarro et al., 2009; Vörös, 2012). Collectively, 
all the above facts implicitly support the Bajocian-Bathonian 
age postulated for the limestones discussed.
In the deeper, basinal sections o f  the High Tatra and the 
Belianske Tatra Mountains, the M iddle Jurassic interval in­
cludes spotted lim ettones with crinoidal turbidites (Misik, 
1959; Iwanow, 1973; Lefeld et al., 1985). On the basis o f  the
ammonite assemblage, their age is regarded as Early Bajo­
cian Propinquans Zone-latest Bajocian and/or earliest Batho­
nian (Myczyński, 2004; Iwańczuk et al., 2013). A n Early B a­
jocian age is also evidenced by the occurrence o f  the positive 
S13C excursion in the lower part o f  the spotted limestones 
and marls (number 1 in Fig. 15). The spotted limestones rep­
reten t the basinal equivatent o f  the lowermost part o f  the 
Bositra-crinoidal limestones, which are retated to a subma­
rine highs (Fig. 17; see Iwańczuk et al., 2013).
The grey nodutar limestones, lymg betw een the Bajo- 
cian spotted lim estones and marls and younger radiolarites 
in the High Tatra and Belianske Tatra M ountains, w ere first 
des cribed by Lefeld (1969). Radiolarian data (the late st 
B ajocian-E arly  Callovian, U A Zs 5 -7 , sample Fp143) from 
overiym g spotted radiolarites lim it the upper boundary o f 
the grey nodular lim estones to the Early Callovian. A m m o­
nites, indicative o f  the latest Bajocian and/or the earliest 
Bathonian, assigned by  M yczyński (2004) and Iwańczuk et 
al. (2013) to the cherty limestones, m ost probably derive 
from  the grey nodular limestones. Carbon isotope analysis 
provided additional information on their age. The S13C curve 
in the grey nodut ar limestones shows negative and postiive 
shifts (number 2 and 3 in Fig. 15; the Zdiarska V idla section), 
w hich probably are referable to the latest Bajocian and the 
Early Bathonian. Thus, the grey nodular limestones with 
abundant Bositra  shells are the basinal equivalent o f  the up­
per part o f  the Bositra-crinoidal limestones.
Age o f  radiolarites
The low erm ost radiolarites w ere assigned by Polak et 
al. (1998) to the Late B athonian-Early Callovian (UAZ 7; 
Banie H uciska and G ładkie U płaziańskie sections). A  M id­
dle Bathonian age w as also im plied for the low erm ost part 
o f  the Sokolica Radiolarite Form ation in the F ilipka Valley 
(Bąk, 2001).
The new ly anatysed radio!arians only confirm ed that 
the low erm ost part o f  the spotted radiolarites m ay be assig­
ned to the U pper B ajocian-L ow er Callovian (UAZs 5-7). 
Additionally, carbon isotope analyses^permit the determ ina­
tion o f  the Late Bathonian negative S C shift in their lower 
part (num ber 4 in Fig. 15). O nly one Lamellaptychus sp. 
was found in the spotted radiolarites in the Grześ section in 
the W estern Tatra M ountains, indicating that they are not 
older than Bajocian (Gąsiorowski, 1959, 1962). Thus, the 
spott ed radiolarites are o f  Late B athonian-E arly  Callovian 
age, although a M iddle Bathonian age cannot be excluded.
The age o f  the green radiolarites is estimated to span 
from the Middle Callovian to the Early Oxfordian on the ba­
sis o f  radiolarians (UAZ 8; Polak et al., 1998). The pronou­
nced positive S13C excursion (number 5 in Fig. 15), identi­
fied as Late Callovian and detected in the upperm ost part o f 
green radiolarites, additionally confirm their age. It is worth 
m entioning that this excursion coincides w ith a distinct incre­
ase in radiolarian abundance and an extreme carbonate pro­
duction crisis (Bartolini et al., 1999; M orettini et al., 2002).
A  radiolarian assem blage indicative o f  the M iddle O x­
fordian-Early  Kim m eridgian (UAZs 9 -10) was determ ined 
in the variegated radiolarites (this study; Polak et al., 1998). 
The boundary betw een the variegated and red  radiolarites 
cannot be dated precisely. Hence, the variegated radiolarites
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can be assigned to the M iddle O xfordian-Late O xfordian or 
Early Kimmeridgian.
The red radiolarites repr esent the latest O xfordian or 
Early K im m eridgian-earliest Late Kim m eridgian (Jach et 
al., 2012; and this study). The radiolarian assemblage corre­
sponds to the wide interval, ranging from  the M iddle-Late 
O xfordian to the Early T ithonian (UAZs 9-11), whereas 
calcareous dinoflagellates from  the upper part o f  the red ra- 
diolarites lim it their upper range to the M oluccana Zone o f  
the Late Kim m eridgian (Jach et al., 2012). This is in  line 
w ith the opim on o f  G ąsiorowski (1959, 1962), w ho as~ 
signed the red radiolarites to the Late O xfordian-E arly  Ki- 
m m eridgian (IV  and V  aptychi horizons sensu  Gąsiorowski, 
1962; Fig. 17). The positive S13C shift (num ber 8 in Fig. 15) 
in the upper part o f  the red radiolarites in the Filipka V alley 
and Zdiarska V idla sections (Figs 6, 7) is dated precisely by 
m eans o f  calcareous dinoflagellates as belonging to the Mo- 
luccana Zone o f  the Late Kimmeridgian.
Post-radiolarite deposits
Calcareous dinoflagellates and carbon isotope data 
(num ber 8 in Fig. 15) allow estimation o f  the onset o f  sedi­
m entation o f  the red  nodular lim estones as referable to the 
M oluccana Zone o f  the Late Kim m eridgian (Długa Valley, 
Fig. 3). Interestingly, the same excursion in the F ilipka V al­
ley section and probably also in  the Zdiarska V idla section 
was detected in the red radiolarites (Figs 7, 8). The differ­
ence m ay be explained either by  facies diachroneity or by 
the fact that a part o f  the curve is m issing, owing to erosion 
or a non-deposition hiatus, at w hich a part o f  the M oluccana 
Zone is absent. Breccias identified in the low erm ost part o f  
the red nodul ar limes tones at the Zdiarska V idla section 
tend to confirm  the latter possibility.
The red nodul ar lim estones have a diachronous upper 
boundary, w hich ranges from  the M oluccana Zone o f  the 
Late Kim m eridgian to the M alm ica Zone o f  the Early Titho- 
nian (see Jach et al., 2012). In the D ługa V alley and Lejowa 
V alley sections, they interfinger w ith platy limestones. 
These new  stratigraphic data correspond w ell w ith the ap- 
tychi data presented by  G ąsiorow ski (1959, 1962) from  the 
Grześ section in  the W estern Tatra M ountains. The aptychi 
assemblage, dom inated by Lam ellaptychi from  group A, is 
indicative o f  the Late K im m eridgian-Early T ithonian (hori­
zon V I1 sensu  Gąsiorowski, 1962). The Late Kimmerid- 
g ian-E arly  Tithonian age o f  the red  nodul ar lim estones is 
also confirm ed by the abundant occurtence o f  the Sacco- 
coma  and G lobochaete m icrofacies (Borza, 1984; W ierz­
bowski, 1994; Rehakova, 2000).
In the sections studied, platy lim estones range up to the 
calpionellid Boneti Subzone (Chitinoidella Zone) o f  the la­
test Early Tithonian. The abundant occurr ence o f  Sacco- 
coma  and G lobuligerina  confirm s their Late Kim m eridgian 
(M oluccana and Borzai zones)-E arly  T ithonian age (P u lla- 
M alm ica zones; G rabow ski and Pszczółkowski, 2006; Jach 
et al., 2012; G rabow ski et al., 2013).
Regional distribution and age o f radiolarites
The data presented above on the basis o f  integrated b io­
stratigraphy and isotope stratigraphy perm it the sedim enta­
tion o f  radiolarites in  the Tatra M ountains to be seen as li­
m ited to the Late B athonian-early  Late Kimmeridgian. The 
above view  also is generally consist ent w ith the previous 
opinion on the age o f  radiolarites in other parts o f  the K rizna 
N appe (Misik, 1999). Radiolarites in  several successions o f 
the K rizna N appe (for correlations see Fig. 18) range from 
the Late Bathonian or from  the Late Callovian to the Early 
Kim m eridgian (UAZs 7 or 8 -10; Polak and Ondrejlckova, 
1993). Similarly, radiolarites o f  the Siprun succession o f  the 
Tatricum  D om ain range from  the Late Bathonian to the 
Early K im m eridgian (UAZs 8-10; Polak and Ondrejlckova, 
1995). However, in the K rizna N appe o f  the Tatra M oun­
tains, some radiolarian-bearing lim estones or thin radiola- 
rite intercalations w ere laid dow n as early as in the Bajocian 
(Figs 7, 17, 18; see also Iwańczuk et al., 2013). By analogy, 
in the M anln Unit, w hich is considered to be the northern 
part o f  the Fatricum  D om ain (Plasienka, 2012), radiolarites 
2.5 m  thick and sandwiched betw een red  nodular limestones 
w ere dated as Late Bathonian (Rakus and Ozvoldova,
1999).
In addition to the Fatricum, M anln and Tatricum  do i 
mains, radiolarites were depostied in  other dom ains o f  the 
W estern Carpathians (M isik, 1999). In the M eliaticum  D o­
main, w hich w as a rem nant o f  the former ocean existing in 
Triassic and Jurassic tim es, the radiolarites w ere dated at the 
Ladinian-N orian, and M iddle B athonian-E arly  Oxfordian 
(Havrila and Ozvoldova, 1996; K ozur and M ock, 1996; 
Kozur et al., 1996; M ock et al., 1998). The M eliata Domain 
was the only one un it developed on an oceanic crust.
The Silicicum Domain, the palaeogeographic location 
o f  w hich is controversial, is the southernm ost o f  them. It 
could have been situated on the southern or northern m argin 
o f  the M eliata Ocean (Plasienka, 1998; Csontos and Vörös, 
2004). In the Silicicum Domain, radiolarite sedimentation 
persisted from  the Late Bathonian to the O xfordian (Sykora 
and Ozvoldova, 1996). However, the oldest know n Jurassic 
radiolarian assem blage in this dom ain is o f  latest B ajocian- 
Early Bathonian age (UAZ 5; Ozvoldova, 1997, 1998). 
Simi l arly, in the H ronicum  Domain, the palaeogeographic 
position o f  w hich is slightly enigmatic, the onset o f  radiola- 
rite sedim entation took place betw een the M iddle Bathonian 
and the Early Callovian (Polak and O zvoldova, 2001).
The Belice U nit o f  the Povazsky Inovec M ountains rep ­
resents the exposure o f  depostis assigned to the Vahicum  
Domain. Radiolarites from this succession w ere dated as the 
low er part o f  the Early O xfordian to the Kim m eridgian or 
even the Tithonian (UAZs 8-10; Ozvoldova, 1990; P la­
sienka, 2012). Simtiarly, in the deeper-water succestions 
(e.g., Pieniny, Branisko and K ysuca successions) o f  the Pie­
niny K lippen Belt, w hich is a more northerly dom ain in the 
Central Carpathians, continuous radiolarite sedimentation 
persisted from the Middle Callovian to the Early Kimmerid- 
gian (UAZs 8-10; Birkenmajer, 1977; W idz, 1991; Ozvol­
dova, 1992; M isik et al., 1994; Birkenmajer and W idz, 1995; 
Plasienka and Ozvoldova, 1996; Ozvoldova and Frantova, 
1997; Ozvoldova et al., 2000). However, some radiolarite 
interbeds w ithin the red nodul ar limestones o f  the Kysuca 
succession and w ithin the dark, spotted siliceous limestones 
and marls (Podzamcze Formation, Upper Posidonia Beds in 
the older nomentlature) o f  the Pieniny succestion, contain
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Fig. 18. Age of Jurassic radiolarites in the Central and Outer Carpathians (Meliata Domain is excluded). Ages are given in terms of the 
Unitary Association Zones (UAZ 95) of Baumgartner et al. (1995). Radiolarian assemblages published before 1995 were re-evaluated ac­
cording to this zonation. Source of data: 1, 6, 7 (Widz, 1991; Birkenmajer and Widz, 1995); 2 (Ozvoldova et al., 2000); 3, 4, 12-14 
(Ozvoldova and Frantova, 1997, Ozvoldova et al., 2000); 5 (Aubrecht and Ozvoldova, 1994); 8 (Ozvoldova, 1979, 1989); 9 (Ozvoldova, 
1988); 10 (Misik et al., 1994); 11 (Ozvoldova, 1990); 15 (Ozvoldova, 1992); 16 (Misik et al., 1991); 17 (Polak and Ondrejlckova, 1995); 
18 (Plasienka and Ozvoldova, 1996; Plasienka, 2012); 19 (Rakus and Ozvoldova, 1999); 20, 22, 23, 25, 27, 29 (this study); 21, 24, 28 
(Polak et al., 1998); 26 (Bąk, 2001); 30-35 (Polak and Ondrejlckova, 1993); 36 (Polak and Ozvoldova, 2001); 37 (Sykora and Ozvoldova, 
1996; Ozvoldova, 1998). The black bars indicate the age range of radiolarites and grey bars the ages of radiolarite and radiolarian lime­
stone intercalations.
radiolarians indicative o f  UAZ 7 or older (Late Bathonian- 
Early Callovian or older; Ozvoldova, 1992; Ozvoldova, 1988).
In some more shaliow-water succestions, that is the 
N iedzica and O rava ones, radiolarites w ere dated as Late 
Callovian to Early K im m eridgian (UAZs 8-10; Ozvoldova, 
1979, 1989; W idz, 1991; B irkenm ajer and W idz, 1995). 
However, in  the Pruske succession, w hich is inferred to be 
sim ilar to the N iedzica succession, radiolarites o f  Late B a­
thonian-Early  K im m eridgian age are docum ented (UAZs 
7-10; A ubrecht and Ozvoldova, 1994). Conversely, in  the 
Czertezik succession, the sedim entation o f  radiolarites com ­
m enced in the M iddle O xfordian (UAZ 9) and ended in the 
Early K im m eridgian (UAZ 10; O zvoldova et al., 2000).
A ptychi data also evidence O xfordian to Early Kimme- 
ridgian radiolarite sedim entation in all the Pieniny K lippen 
Belt successions, w ith  the exception o f  the Czorsztyn suc­
cession (III-V  aptychi horizons sensu  Gąsiorowski, 1962). 
The first aptychi found in  the radiolarites o f  the N iedzica
succession are indicative o f  the Late C allovian-Early O x­
fordian (corresponding to the II aptychi horizon sensu  Gą- 
siorowski, 1962).
Towards the north, in the G rajcarek Unit, w hich is the 
southernm ost part o f  the M agura Basin o f  the O uter Carpa­
thians, the age o f  radiolarites w as sim ilarly considered to be 
M iddle C allovian-Early O xfordian to Late O xford ian- 
Early K im m eridgian (UAZs 8-10; B irkenm ajer and Widz, 
1995).
The above review  leads to the concept o f  synchronous 
onset o f  radiolarite sedim entation in m any dom ains o f  the 
Central Carpathians, nam ely the Silicium, H ronicum  and 
Fatricum  domains. Sedim entation com m enced there in  the 
M iddle-L ate Bathonian. Thus, it is also synchronous with, 
or slightly younger than the onset o f  radiolarite sedim enta­
tion in the W estern A lps (Bill et al., 2001). Radiolarite sedi­
m entation strongly depended upon the palaeotopography o f  
the sea floor (Baum gartner, 1987, 2013), w hich in  turn  re ­
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flected synsedim entary tectonic activity (e.g., Bernoulli and 
Jenkyns, 1974). Thus, the difterences in age betw een the 
above dom ains and the Pieniny K lippen Belt, located to the 
north o f  them  (in the present coordinates) m ay have resulted 
from  different subsidence rates in these regions.
The Fatricum  Dom ain o f  the Central W estern Carpa­
thians is considered to be a lateral equivalent o f  the M iddle 
A ustroalpine units o f  the Eastern A lps (e.g., M isik et al., 
1991; H äusler et al., 1993; Csontos and V örös, 2004). A l­
though the Jurassic palaeogeographic position o f  the Cen­
tral Carpathian and Eastern A lpine dom ains is w ell docu­
m ented, their precise correlation m ay be com plicated (e.g., 
H äusler et al., 1993; K ozur and M ock, 1996). The Jurassic 
succession o f  the Fatricum  D om ain (Krizna N appe) reveals 
m any analogies to the Bajuvaricum  units o f  the N orthern 
Calcareous A lps (see also Plasienka, 1998). This unit is re ­
garded as the equival ent o f  the H ronicum  Domain, based 
m ainly on Triassic facies. However, its Jurassic facies de­
velopm ent shows some striking sim ilarities to the Fatricum 
D om ain (Froitzheim  et al., 2008; G aw lick et al., 2009). The 
similarities relate also to the age o f  the radiolarites. Cherty 
lim estones o f  the Chiem gau series, w hich are lithologically 
sim ilar to the Tatra spotted radiolarites, for the m ost part are 
o f  B athonian-C allovian age. The overlying Ruhpolding 
Formation, w hich seems to be the age and lithological equi­
valent o f  the green, variegated and red radiolarites, w as laid 
dow n in the Callovian to the K im m eridgian (Gawlick et al.,
2009).
CONCLUSIONS
1. Radiolarian, calcareous dinoflagellate and calpio- 
nellid data, com bined w ith the carbon isotope record, perm it 
correlation o f  the B ajocian-L ow er Tithonian pelagic depo­
sits o f  the K rizna N appe in  the Tatra M ountains (Carpa­
thians, Poland and Slovakia) and estim ation o f  the stratigra- 
phic range o f  the facies distinguished.
2. Carbon isotope curves show  positive excursions and 
shifts in the Early Bajocian, Early Bathonian, Late Callo- 
vian, M iddle Oxfordian and Late Kim m eridgian (Molu- 
ccana Zone) and negative ones in the latest Bajocian and 
Late Bathonian. The m ost prom inent excursion o f  the Late 
Callovian is recorded in highly siliceous green radiolarites, 
w hich are strongly depleted in CaCO 3 .
3. The M iddle Jurassic pre-radiolarite deposits show 
distinct facies changes. A  basin succession is represented by 
B ajocian spotted limestones, w hich are succeeded by upper­
m ost Bajocian-M iddle Bathonian grey nodular limestones. 
Simultaneously, condensed B ositra-crinoidal limestones 
were laid dow n on submarine highs and their slopes.
4. U niform  radiolarite sedim entation started in  the Late 
Bathonian or som ew hat earlier in the latest M iddle B atho­
nian, but interm ittent sedim entation o f  radiolarian-bearing 
deposits is docum ented in  the Late Bajocian. This kind o f 
sedim entation persisted to the early Late Kimmeridgian.
5. A  return to carbonate sedim entation took place in 
the Late K im m eridgian (M oluccana Zone), w hen red nodu­
lar lim estones w ere deposited.
6. Carbon stratigraphy is a reliable tool for the correla­
tion o f  pel agic biosiliceous-carbonate successions, as was 
the case for the pelagic carbonate successions that were ex­
tensively studied up to now.
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